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Abstract: 
The auditory ribbon synapse is highly specialised to regulate the release of 
glutamate from IHCs and generate action potentials in auditory afferent fibres in 
response to small and graded changes in the receptor potential of IHCs. This is 
essential for maintaining the fidelity of auditory stimuli over wide range of 
frequencies and intensities. This study was aimed at identifying possible novel 
molecular regulators for the development and function of auditory ribbon 
synapses. I have used patch-clamp electrophysiology to record calcium currents and 
changes in membrane capacitance from IHCs to monitor vesicle fusion at the 
auditory ribbon synapse. 
The ubiquitously expressed calcium-sensor for vesicle priming, DOC2B was 
considered to be a potential priming factor at the auditory ribbon synapse. I have 
found that it is not involved in fast, calcium-dependent exocytosis of synaptic 
vesicles at the auditory ribbon synapse. 
The inositol 5’-phosphatase SynJ2 is required for the survival of auditory hair cells 
and is thought to regulate clathrin-mediated endocytosis. My results show that IHCs 
from SynJ2 KO mice display normal endocytic responses after exocytotic events and 
normal replenishment of the vesicle pools. Therefore, SynJ2 is not required for 
endocytosis, or vesicle recycling in IHCs. 
Connexins 26 and 30 are subunits of heteromeric gap-junctions and hemichannels 
in supporting cells of the cochlea. Connexin mutations cause over 50% of cases of 
non-syndromic hereditary deafness in humans. IHCs from mice with severely 
reduced connexin expression display larger calcium currents and smaller exocytotic 
responses. Therefore expression of connexins in the cochlea is essential for 
presynaptic function at the auditory ribbon synapse. 
Finally I have found that the transcriptional co-activator Wbp2 is not required for 
presynaptic function of mature IHCs, therefore Wbp2 is not involved in the 
transcription of key presynaptic molecules in IHCs.   
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Chapter 1 - Introduction: The Ribbon Synapse is 
Essential for Hearing. 
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Hearing is one of the major senses in vertebrates, the loss of which can greatly 
impair the quality of life of humans and other vertebrates. It allows for ideas to be 
transferred from one person to many others using spoken language. It serves as an 
early warning system for dangers by detecting potential threats, allowing us to 
determine the location of a threat and what that threat may be. The auditory 
system detects stimuli across a wide range of intensities and frequencies with 
incredibly high temporal speed and precision (VanDewater et al., 1996). This is 
particularly important for sound localisation, where interaural time differences and 
interaural intensity differences, i.e. differences in the timing of sound waves 
reaching each ear, or the intensity of the sound waves at each ear, can be used by 
the central auditory system to determine the location of a sound source (Akeroyd, 
2014). Therefore the auditory system is highly specialised to maintain the fidelity of 
incoming auditory stimuli. 
The sensory cells of the auditory system are the hair cells, which are stimulated by 
deflection of a mechanosensitive hair bundle at their apex (Marcotti, 2012). Hair 
cells transduce these stimuli into an electrical signal that triggers the release of the 
neurotransmitter glutamate at the ribbon synapses at the base of the hair cell 
(Safieddine et al., 2012). Glutamate released from hair cells stimulates action 
potential firing in auditory afferent fibres that convey signals directly to the 
auditory centres in the central nervous system (CNS) (Glowatzki and Fuchs, 2002). 
Perturbation of the sensory hair cells and their ability to transmit auditory signals to 
the afferent fibres - either by injury, disease or age-related processes – greatly 
impairs hearing in humans and other vertebrates. Recent studies have indicated the 
ribbon synapse is sensitive to both age-related and noise-induced damage, which 
leads to hearing loss (Kujawa and Liberman, 2009). A comprehensive understanding 
of the regulators of auditory ribbon synaptic function is vital to determine why it is 
sensitive to damage and may pave the way for future treatments for hearing loss. 
1.1 Anatomy of the peripheral auditory system. 
The peripheral auditory system has normally been described in three main parts: 
the outer, middle and inner ears. The outer ear comprises the pinna and the ear 
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canal that serve to direct air borne sound waves towards the tympanic membrane 
of the middle ear. The middle ear contains the tympanic membrane (eardrum) and 
three tiny bones called ossicles; the malleus, the incus and the stapes. The middle 
ear serves to transfer mechanical displacement of the tympanic membrane by 
sound waves to the cochlea of the inner ear by motion of the ossicles, amplifying 
the vibrations of the tympanic membrane, while maintaining their frequency profile 
(Fay and Popper, 1994). The inner ear is a complex structure within the temporal 
bone of the skull; it contains the vestibular system that detects movement and 
acceleration of the head, and the cochlea, which is the sensory organ for hearing. 
The cochlea is a coiled, fluid-filled organ encased in bone, which receives 
mechanical input from vibrations of the ossicles at the oval window (Figure 1.1) 
(Echteler et al., 1994). 
The cochlear spiral. 
The fluid-filled duct that creates the spiral structure of the cochlea is divided into 
three tubes; the scala vestibuli, the scala tympani and the scala media (Figure 1.1) 
(Echteler et al., 1994). The scala media lies between the scala vestibuli and scala 
tympani; it is separated from the scala vestibuli by Reissner’s membrane and the 
scala tympani by the reticular lamina and the basilar membrane. At the apical tip of 
the cochlear spiral, the scala vestibuli and scala tympani are connected by a narrow 
opening, the helicotrema. The round window is a small opening at the basal end of 
the scala tympani, covered by the round window membrane. The scala vestibuli has 
a similar small opening called the oval window, which is covered by the oval 
window membrane and the footplate of the stapes bone (Echteler et al., 1994). The 
scala media contains endolymph, an extracellular solution with an unusually high 
concentration of potassium ions (157 mM) and low concentration of sodium (1.3 
mM) and calcium (0.02 mM) ions (Dallos and Fay, 1996). The scala vestibuli and 
scala tympani contain perilymph, an extracellular fluid with normal concentrations 
of sodium (145 mM), potassium (5 mM) and calcium (1.3 mM) ions relative to 
interstitial fluid. To prevent the mixing of endolymph with perilymph or interstitial 
fluid, the many cell types surrounding the scala media form tight junctions that 
prevent diffusion of ions in/out of the scala media (Dallos and Fay, 1996).  
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Figure 1.1: Anatomy of the ear. 
A) Anatomy of the peripheral auditory system, showing; the outer ear 
composed of the external pinna and the ear canal; the middle ear containing 
the ear drum and the ossicles; the inner ear containing the cochlea for 
hearing and the vestibular balance organ (Holley, 2000). 
B) Schematic representation of a cross-section of the cochlear tube, showing 
endolymph in the scala media in green and perilymph in the scala tympani 
and scala vestibuli in blue. Also showing the organ of Corti, basilar 
membrane and tectorial membrane (Oarih, 2004). 
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The composition of endolymph is produced by secretion of potassium ions from the 
stria vascularis in the lateral wall of the scala media and is responsible for the 
endocochlear potential (EP) of +80 to +100 mV (Hibino et al., 2010). 
The organ of Corti. 
The organ of Corti is a region of the cochlear spiral that contains the basilar 
membrane, the sensory epithelium for hearing and the tectorial membrane. The 
basilar membrane is a stiff, yet pliable acellular membrane formed of densely 
packed collagen fibres (Guild, 1927; Cabezudo, 1978; Hudspeth, 2014). The tectorial 
membrane is a second acellular membrane in the cochlea composed of collagen 
fibres and glycoproteins (tectorins), it is attached to the surface of the spiral limbus 
and projects into the scala media above the sensory epithelium (Richardson et al., 
2008). The sensory epithelium for hearing contains the sensory hair cells, 
associated supporting cells and the projections of afferent and efferent fibres of the 
cochlear nerve (Dallos and Fay, 1996). The basolateral membranes of cells in the 
sensory epithelium are bathed in perilymph that diffuses through the basilar 
membrane (Figure 1.2). 
Sound waves within the cochlea. 
When sound waves are transferred to the cochlea by the ossicles, they cause fluid 
displacements within the scala vestibuli and scala tympani. These fluid 
displacements set up travelling waves in the cochlea, displacing the basilar 
membrane (Figure 1.3) (Zerlin, 1969). Displacement of the basilar membrane leads 
to stimulation of the hair cells adjacent to the displaced portion of the basilar 
membrane (Dallos and Fay, 1996).  
As the basilar membrane increases in width and pliability along its length (Guild, 
1927), high frequency sounds cause peaks of displacement at the basal end of the 
cochlea, while lower frequency sounds lead to peak displacements closer to the 
apical end (Robles and Ruggero, 2001) (Figure 1.3). Crucially, this means there is a 
tonotopic gradient in the cochlea, where low frequency sounds stimulate hair cells 
at the apex of the cochlea and high frequency sounds stimulate hair cells at the 
base. 
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Figure 1.2: The organ of Corti contains sensory hair cells within the 
mammalian cochlea.  
A schematic representation of the organ of Corti and its major components, notably 
the OHCs, with hair bundles connected to the tectorial membrane and the IHCs, 
with hair bundles projecting into the endolymph below the tectorial membrane 
(Holley, 2000).  
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Figure 1.3: Displacement of the basilar membrane by sound waves in the cochlea.  
A)  Simple model of the cochlea as a tube of fluid separated into two 
compartments by the basilar membrane, densely packed fibres at the base 
of the basilar membrane make this region stiffer.  
B) Travelling wave in the basilar membrane after a pure tone sound wave is 
transferred to the cochlea by the ossicles. The travelling wave creates a 
peak of displacement at different positions of the basilar membrane 
depending on the frequency of the sound wave. (Open University, 2013). 
 
A) 
B) 
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The spiral ganglion and the cochlear nerve. 
The cochlear spiral surrounds the spiral ganglion, which contains the cell bodies of 
the auditory afferent fibres, the spiral ganglion neurons (SGNs) (Pujol et al., 1998). 
SGNs are bipolar neurons that receive input from synapses at the basal pole of 
sensory hair cells and transmit signals to the cochlear nuclei within the brainstem 
via the cochlear nerve. There are two types of SGN; type I SGNs, which receive 
synaptic input from inner hair cells (IHCs) and type II SGNs, which receive input 
from outer hair cells (OHCs) (Rubel and Fritzsch, 2002).  
The cochlear nerve also contains efferent fibres, which carry inhibitory signals from 
the brainstem to the sensory epithelium. Medial and lateral olivocochlear efferent 
fibres originate in the medial and lateral superior olive – respectively – of the 
superior olivary complex in the brainstem (Rabbitt and Brownell, 2011). In the 
mature mammalian auditory system, the axons of medial olivocochlear neurons 
project into the cochlea, through the spiral ganglion and then radially through the 
tunnel of Corti and synapse with OHCs. The axons of the lateral olivocochlear 
neurons also project through the spiral ganglion, but form synapses with the 
afferent boutons of type I SGNs where they meet IHCs (Simmons et al., 1996). 
1.2 Hair cells. 
Hair cells are specialised sensory cells found in the auditory and vestibular systems 
of vertebrates. The hallmark feature of hair cells is the apical hair bundle that 
transduces mechanical stimulation into an electrical signal (Eatock, 2006). In 
auditory hair cells, the hair bundle projects through the reticular lamina into the 
endolymph filled scala media, where the endocochlear potential of +80 to +100 mV 
provides a large electrical driving force for potassium ions that carry the mechano-
electrical transducer current. There are two types of auditory hair cell; the outer 
hair cells (OHCs), which form 3 rows in the organ of Corti and the inner hair cells 
(IHCs), which form a single row, medial to the OHCs (Dallos and Fay, 1996). 
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The hair bundle and mechanotransduction. 
The hair bundles of both IHCs and OHCs are formed of 3-4 rows of stereocilia, 
neatly arranged in a staircase-like architecture and the tips of shorter stereocilia are 
connected to their taller neighbours by tip links (Figure 1.4) (Furness and Hackney, 
2006). The elusive mechano-electrical transducer (MET) channels are located at the 
tips of shorter stereocilia, either near, or connected to, the base of the tip links. The 
MET channels are partially open at rest and can be further opened by tension 
generated by the tip links. It is currently unclear if tension is applied to the channel 
directly by the tip link, or via tension in the plasma membrane of the stereocilia 
(Fettiplace and Kim, 2014).  
The stereocilia of hair cells are stiffened by bundles of actin filaments at their core 
that are anchored by a densely packed “actin gel”, the cuticular plate, which fills the 
cytoplasmic space at the apical pole of the hair cell (Flock and Cheung, 1977; 
Derosier and Tilney, 1989). A narrowing at the base of the stereocilia provides 
flexibility, allowing deflection of the hair bundle (Tilney and Tilney, 1986). 
Deflection of the stereocilia in the excitatory direction moves taller stereocilia away 
from their neighbouring shorter stereocilia (Petit and Richardson, 2009). This 
generates tension in the tip links, increasing the flow of inward current through the 
MET channel and depolarising the hair cell. Stereocilia can also be deflected in the 
inhibitory direction, reducing tension in the tip links and closing the MET channel, 
leading to hyperpolarisation of the hair cell (Hudspeth and Corey, 1977; Fettiplace 
and Kim, 2014). 
Outer hair cells and cochlear amplification. 
The OHCS are often described as “the cochlear amplifier” because they are 
electromotile, contracting in response to depolarisation and extending in response 
to hyperpolarisation (Figure 1.4) (Brownell et al., 1985). The tips of the hair bundles 
of OHCs are connected to the tectorial membrane, allowing their contractions to 
amplify the displacement of the basilar membrane. This amplification of basilar 
membrane displacement increases the relative movement of fluid around the hair 
bundles of nearby IHCs (Kennedy et al., 2006). OHC electromotility is regulated by  
11 
 
Figure 1.4: Sensory hair cells within the organ of Corti.  
A) Electron micrograph of orderly “staircase” like structure of the stereociliary 
hair bundle on a guinea pig cochlea hair cell. Scale bar equals 2µm 
(Marcotti, 2012).  
B) High magnification electron micrograph revealing the tip links between 
stereocilia of adult rat cochlea hair cells. Scale bar equals 200nm (Marcotti, 
2012).  
C) Schematic of an OHC and prestin based electromotility. (Fettiplace and 
Hackney, 2006).  
D) Schematic of an IHC, synaptic ribbons are in red, ribbon bound vesicles in 
yellow and docked vesicles in green. Blue shading represents the spread of 
calcium ions from spontaneously active presynaptic zones. Black lines 
illustrate spontaneous activity of the afferent fibres (Matthews and Fuchs, 
2010). 
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the molecular motor prestin (Zheng et al., 2000). As OHCs are not considered to be 
sensory receptors for hearing and only form limited numbers of afferent synapses, 
they will not be considered further. 
Inner hair cells. 
IHCs are the primary sensory receptors for auditory stimuli. They are stimulated by 
displacement of the basilar membrane, which creates fluid movements around 
their hair bundle, opening and closing the MET channel. Depolarisation of IHCs by 
the influx of potassium and calcium ions through the MET channel triggers the 
release of glutamate from ribbon synapses (discussed in section 1.6) at the 
basolateral membrane (Moser and Beutner, 2000). Auditory stimuli are conveyed 
from the ribbon synapses of IHCs to the auditory brainstem in trains of action 
potentials by type I SGNs (Figure 1.4).  
Unlike neurons, mature IHCs do not fire action potentials to trigger 
neurotransmitter release (see section 1.4), but instead display graded receptor 
potentials, varying with the intensity of the sound stimulation at the characteristic 
frequency (Russell and Sellick, 1977). Graded receptor potentials are responsible for 
modulating the fusion of synaptic vesicles at ribbon synapses by increasing the 
open probability of voltage-gated calcium channels localised to the presynaptic 
membrane (Glowatzki and Fuchs, 2002; Brandt et al., 2003; Goutman and 
Glowatzki, 2007). These processes will be discussed in detail over the following 
pages.  
Spontaneous neurotransmission at auditory ribbon synapses. 
At rest, IHCs release small amounts of glutamate, driving spontaneous activity in 
SGNs, thought to be due to inward current from the MET channel raising the resting 
potential of the IHC (Corey and Hudspeth, 1983; Glowatzki and Fuchs, 2002). The 
resulting partial depolarisation of the resting IHC means that there is a low, but 
significant open probability of the CaV1.3 channel, leading to occasional channel 
openings and the fusion of small numbers of vesicles. This low rate of tonic 
glutamate release is sufficient to drive firing activity in type I SGNs that has been 
described as spontaneous activity (Liberman, 1982).  
14 
 
1.3 Spiral ganglion neurons. 
Type I SGNs convey sensory input to the CNS. 
Auditory information is carried from the hair cells of the cochlea, to the cochlear 
nucleus in the brainstem by SGNs, of which there are two types. Type I SGNs, which 
receive input from a single auditory ribbon synapse and make up 90% of the fibres 
in the auditory nerve, are likely to carry the vast majority of auditory information to 
the CNS (Spoendlin, 1972; Perkins and Morest, 1975). Type II SGNs make up 
approximately 10% of the SGN population and receive input from the ribbon 
synapses of multiple OHCs (Kiang et al., 1982). Both type I and type II fibres project 
to the cochlear nuclei of the brainstem, where they bifurcate, sending projections 
to both the dorsal cochlear nucleus and ventral cochlear nucleus (Brown and 
Ledwith, 1990). Morphological studies show the fibres of type I SGNs are larger in 
diameter than fibres of type II SGNs and are myelinated (Kiang et al., 1982), further 
suggesting type I fibres are specialised to rapidly convey sensory information to the 
CNS. . 
AMPA receptors mediate postsynaptic activity at the auditory ribbon 
synapse. 
Excitatory glutamatergic AMPA receptors mediate postsynaptic currents and the 
generation of action potentials at the postsynaptic bouton of type I SGNs 
(Glowatzki and Fuchs, 2002). Electrophysiological recordings of EPSCs and action 
potentials at the afferent bouton of type I SGNs reveals that the majority of EPSCs 
are sufficient to generate action potentials in type I SGNs (Rutherford et al., 2012), 
suggesting that type I SGNs are highly specialised to fire action potentials with a low 
threshold for glutamate. 
AMPA receptors have been shown to be arranged in a ring-like structure on the 
postsynaptic bouton of type I SGNs (Meyer et al., 2009) and the size of the AMPA 
receptor patch is inversely proportional to the size of the ribbon at the presynaptic 
active zone (Liberman et al., 2011). 
 
15 
 
Postsynaptic activity in auditory afferent fibres. 
Single unit recordings from SGNs in the cat auditory nerve show that each neuron 
responds with bursts of spikes with maximal discharge rates at a characteristic 
sound frequency with a minimal sound threshold for activity (Galambos and Davis, 
1943), supporting the idea that different IHCs are activated by different sound 
frequencies. In the absence of acoustic stimulation, action potentials can be 
recorded from type-I SGNs, described as spontaneous activity (Kiang et al., 1962). 
Early studies combining electrophysiology and labelling, have shown that SGNs with 
high rates of spontaneous activity (20-100 spikes s-1) have thicker fibres (0.8-1.2 
µm) and tend to form synapses on the pillar side of the IHC. Fibres with low-
spontaneous firing rates (0.5-10 spikes s-1) have thinner fibres (0.3-0.8 µm) and tend 
to form synapses on the modiolar side of the IHC. In vivo high spontaneous rate 
fibres have been shown to have lower thresholds to acoustic stimulation than low 
spontaneous rate fibres (Liberman, 1978, 1980; Kiang et al., 1982).  
Later work showed that for SGNs responding to relatively low-frequency sounds, 
spikes were clustered in groups according to the periodicity of the sound stimulus. 
This was termed phase-locking, where peaks in the sound wave are associated with 
clusters of action potentials in SGNs and troughs in the sound waves are associated 
with periods of quiescence in the SGN, suggesting inhibition of spontaneous activity 
(Rupert et al., 1963). Further work in squirrel monkeys showed that the discharge 
pattern of SGNs was phase-locked to the frequency of the sound stimulus up to 2.5 
kHz, this link was maintained between 2.5kHz and 5kHz, but became progressively 
weaker (Rose et al., 1967). In guinea pigs, the receptor potential of IHCs has been 
shown to be phase-locked to sound stimulus, with periods of depolarisation 
occurring during peaks in the sound wave and hyperpolarisation occurring during 
troughs (Palmer and Russell, 1986), suggesting that phase-locking in type I SGNs is 
established by the receptor potential and glutamate release from the presynaptic 
IHC. Phase-locking deteriorates for high-frequency sounds as the time constant of 
IHC membranes limits the speed at which their membrane potential can change 
(Palmer and Russell, 1986). 
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1.4 Exocytosis, essential for neurotransmission. 
Neurotransmission relies on the transfer of information between two cells, one of 
which is a neuron, via a specialised area where the two cells meet, the synapse. In 
the presynaptic cell, neurotransmitters are packaged into membrane bound 
vesicles and released when the vesicle membrane fuses with the presynaptic 
membrane by the process of exocytosis (Fuchs, 1996). Neurotransmitters diffuse 
across the synaptic cleft and bind to receptors on the postsynaptic membrane, 
leading to the stimulation, or inhibition of responses from the postsynaptic cell 
(Parnas and Parnas, 1994). 
Synaptic exocytosis is a highly regulated process that involves several molecules 
forming the intricate “fusion machinery” (Sudhof and Rothman, 2009). The current 
hypothesis for canonical neuronal exocytosis suggests vesicles are brought to the 
presynaptic active zone, where they are docked in close proximity (≤100nm) to 
calcium channels. Once a vesicle is docked at the active zone, the fusion machinery 
is primed by the association of vesicular and plasma membrane SNARE proteins 
(soluble n-ethylmaleimide-sensitive-factor attachment receptor), with complexin 
and synaptotagmin (Wu et al., 2012). The association of SNAREs, synaptotagmins 
and complexins forms a prefusion complex that reduces the energy barrier for 
membrane fusion and prevents premature fusion of the vesicular and plasma 
membranes. Synaptotagmin is a calcium sensor that may act as the “fusion clamp”, 
preventing premature vesicle fusion by clamping the prefusion complex in a primed 
state until calcium ions bind to the C2 domains of synaptotagmin (Chapman, 2008).  
In neurons, when an action potential reaches the presynaptic active zone, it 
depolarises the presynaptic membrane, increasing the open probability of voltage-
gated calcium channels located here (Rama et al., 2015). This leads to more channel 
openings and an influx of calcium ions into the presynaptic active zone. When 
calcium ions bind to C2 domains of synaptotagmin, a conformational change in 
synaptotagmin triggers the fusion of the vesicle and plasma membranes, releasing 
neurotransmitters into the synaptic cleft (Figure 1.5) (Chapman, 2008). This could 
be due to removal of synaptotagmin’s clamp on the prefusion complex, allowing 
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SNARE proteins to “zip” together to drive fusion of the two membranes. 
Synaptotagmins may also further reduce the energy barrier to fusion by insertion of 
their C2 domains into the presynaptic membrane, inducing membrane curvature 
(Chapman, 2008; Sudhof, 2013).  
While synaptotagmin-triggered, SNARE-mediated membrane fusion is the prevailing 
hypothesis for understanding vesicle fusion and neurotransmitter, other models 
exist. Recently, the “dyad hypothesis” has been proposed, suggesting that SNARE-
proteins act simply as the docking mechanism for vesicles at presynaptic active 
zones, rather than drivers of fusion. According to the dyad hypothesis, 
synaptotagmins form dimers that act as the fusion machinery and insertion of their 
C2 domains into the presynaptic membrane is the driver for vesicle fusion 
(Gundersen and Umbach, 2013). While the dyad hypothesis is an interesting 
alternative to the prevailing SNARE-mediated fusion model, limited supporting 
evidence has been presented so far. However, it may serve as a useful model for 
cells where vesicle fusion relies on unconventional machinery, such as IHCs. 
Neurotransmitter release from the ribbon synapse of IHCs is likely to have some 
similarities to conventional synaptic exocytosis, but a number of differences have 
been described, which will be discussed further.  
1.5 Ribbon synapses. 
Ribbon synapses are highly specialised sensory synapses that have a large, electron-
dense presynaptic structure, the ribbon, which is surrounded by small synaptic 
vesicles (Figure 1.6) (Sjostrand, 1958; Liberman, 1980). The bulk of the synaptic 
ribbon is composed of ribeye, which has a unique N-terminal A domain that 
facilitates the assembly of large structures and a C-terminal B-domain identical to 
the transcriptional repressor CtBP2 (Schmitz et al., 2000). The synaptic ribbon is 
tethered to the presynaptic membrane by the cytomatrix protein bassoon (Dick et 
al., 2003). Synaptic ribbons are found in hair cells of the auditory and vestibular 
systems , as well as photoreceptors and bipolar cells in the retina (Safieddine and 
Wenthold, 1999). 
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Figure 1.5: The synaptic vesicle cycle and exocytotic machinery.  
A)  Neurotransmitters (yellow) are loaded into synaptic vesicles, which are 
targeted to presynaptic active zones, where they dock, before being primed 
to form a stable prefusion complex. Calcium triggers a conformational 
change in synaptotagmin, which initiates the fusion of the vesicular and 
plasma membranes, releasing the neurotransmitters. Vesicular components 
are recovered by clathrin-mediated endocytosis.  
B) The major components of the fusion machinery for classical neuronal 
exocytosis; the calcium sensor, synaptotagmin and the SNARE complex 
(SNAP-25, synaptobrevin and syntaxin). When calcium ions (red dots) bind 
to the C2 domains of the calcium sensor – synaptotagmin - a conformational 
change in synaptotagmin triggers vesicle fusion; either by the release of a 
clamp on the SNARE-complex, or by actively reducing the energy barrier for 
fusion. 
Figure reproduced from: Synaptotagmin: A Ca2+ sensor that triggers exocytosis? 
(Chapman, 2002). 
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Hair cells and photoreceptors respond to sensory input with graded changes in 
their membrane potential (Russell and Sellick, 1978; Kurtz et al., 2001). Bipolar cells 
respond to synaptic input from photoreceptors and also show graded changes in 
their membrane potential (Barlow, 1953; Kaneko, 1970), however certain bipolar 
cells also show spiking activity similar to action potentials (Saszik and DeVries, 
2012). 
The presence of synaptic ribbons at the synapses of sensory cells, which display 
graded responses to sustained input, suggests the ribbon may be important for 
maintaining a rapid supply of synaptic vesicles to the readily releasable pool (RRP) 
during prolonged periods of activity. This has been suggested to be important for 
improving temporal acuity and fidelity over long periods of stimulation (Parsons et 
al., 1994). Alternatively, it has also been suggested that the ribbon tethers vesicles 
in close proximity with each other, so they can fuse together while simultaneously 
fusing with the presynaptic membrane, a process known as compound fusion 
(Heidelberger, 1998; Parsons and Sterling, 2003; Matthews and Sterling, 2008).  
The role of auditory ribbon synapses. 
 In the mature mammalian cochlea, each IHC forms up to 20 ribbon synapses with 
type I SGNs, each ribbon synapse contains a single presynaptic ribbon and the single 
afferent bouton of one type I SGN, implying that each ribbon synapse is a single 
functional unit in the auditory pathway (Liberman et al., 1990).  
In IHCs from bassoon knockout mice, the number of presynaptic active zones 
occupied by ribbons is reduced by about 80% (Khimich et al., 2005) and sound 
encoding is disrupted in vivo (Jing et al., 2013). The amplitude of the calcium 
current is significantly smaller in IHCs lacking bassoon, leading to a corresponding 
reduction in vesicle fusion. This is associated with a reduction in the clustering of 
calcium channels and synaptic vesicles at the presynaptic active zone of IHCs (Frank 
et al., 2010). Despite the dramatic loss of synaptic ribbons and exocytotic capacity 
observed in IHCs from bassoon KO mice, there is only a 20-30dB threshold shift in 
the auditory brainstem response (ABR), indicating that the limited presynaptic 
function remaining in these mutants conveys some auditory information to the  
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Figure 1.6: The ribbon synapse of the cochlear hair cell. 
A) Electron micrographs of spherical electron dense ribbons at the synapses of 
immature IHCs, surrounded by tethered synaptic vesicles (Wong et al., 2014).  
B) Immunostaining for the calcium channel CaV1.3 (red) and the C-terminal 
portion of the ribbon protein ribeye CtBP2 (green) in immature IHCs (Zampini 
et al., 2010). 
C) Wedge shaped ribbons at the synapses of IHCs from adult (P20) mice (Wong et 
al., 2014). 
D) Immunostaining for the calcium channel CaV1.3 (red) and the C-terminal 
portion of the ribbon protein ribeye CtBP2 (green) in mature IHCs shows 
increased colocalisation in mature IHCs, compared to immature IHCs (Zampini 
et al., 2010). 
 
 
A) B) 
D) C) 
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central auditory pathway (Khimich et al., 2005). The reduction in the exocytotic 
response of IHCs from bassoon KO mice appears to be due to the reduced calcium 
influx at the ribbon synapses, suggesting ribbons are not required for normal 
function of the fusion machinery. However vesicle pool replenishment was 
significantly slowed in these IHCs; suggesting either the ribbon, or bassoon is 
important for replenishment of the RRP at IHC ribbon synapses (Frank et al., 2010). 
Modelling studies based on electrophysiological recordings from the hair cells and 
auditory nerves have suggested that synaptic ribbons are important for increasing 
the size of the readily releasable pool of vesicles and decreasing the latency 
between stimulation of the hair cell and action potential firing in the SGNs (Wittig 
and Parsons, 2008). This is supported by evidence that in bassoon knockout mice, 
short-term synaptic depression is enhanced at central neuronal synapses, 
suggesting bassoon is important for maintaining the supply of vesicles at synapses 
that lack ribbons (Hallermann et al., 2010). 
The role of retinal ribbon synapses. 
Evidence from salamander photoreceptors suggests that synaptic ribbons limit 
vesicle supply to release sites at ribbon synapses, suggested to improve visual 
acuity by regulating the number of vesicles released from the synapse in response 
to changes in stimulus intensity (Jackman et al., 2009). Further work in salamander 
photoreceptors and mouse bipolar cells showed that light induced damage to the 
synaptic ribbons disrupted fusion of vesicles from both the RRP and the secondary 
releasable pool (SRP), suggesting the ribbon is essential for vesicle fusion at retinal 
ribbon synapses (Snellman et al., 2011). Modelling of vesicle dynamics at bipolar 
cell ribbon synapses suggests that accumulation of vesicles at the ribbon can 
facilitate vesicle supply to the synapse by passive diffusion. This was used to 
suggest that the ribbon only transiently tethers vesicles near the active zone, 
passively increasing the concentration of vesicles, rather than actively directing 
vesicles towards the active zone (Graydon et al., 2014).  
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Comparing auditory and retinal ribbon synapses. 
It is worth noting that there are a number of differences between the ribbon 
synapses of the auditory and visual systems. 
In the retina, a single presynaptic photoreceptor ribbon can form synapses with 
multiple horizontal and bipolar cells, which may have different complements of 
postsynaptic glutamate receptors to act as inhibitory/excitatory synapses 
depending on the postsynaptic cell type (Euler et al., 2014; Schmitz, 2014). This is in 
contrast to the single excitatory postsynaptic bouton found at auditory ribbon 
synapses (Spoendlin, 1972). 
Also, photoreceptors and auditory hair cells respond differently to stimulation by 
their respective sensory input; In the absence of auditory stimuli, IHCs are slightly 
depolarised by the resting MET current (Glowatzki and Fuchs, 2002), leading to 
some calcium channel activity and “spontaneous” fusion of synaptic vesicles at 
auditory ribbon synapses. This releases neurotransmitters that drive spontaneous 
spiking activity in type I SGNs at rates of less than 0.1Hz for low spontaneous rate 
fibres to over 100Hz for high spontaneous rate fibres (Liberman, 1982; Glowatzki 
and Fuchs, 2002; Heil et al., 2007). The rate of spontaneous activity in type I SGNs is 
likely to be proportional to the number of vesicles fusing at the ribbon synapse it 
receives input from. Depolarisation of the hair cell by auditory stimuli opens 
voltage-gated calcium channels closely colocalised with presynaptic ribbons, 
triggering synchronous exocytosis of multiple vesicles from a ribbon synapse, 
driving bursts of spike trains in SGNs (Moser and Beutner, 2000; Glowatzki and 
Fuchs, 2002; Brandt et al., 2005).  
Similarly, photoreceptors are also depolarised at rest, however in response to 
stimulation by photons, they become hyperpolarised (Morgans, 2000).Crucially this 
means that photoreceptor ribbon synapses are most active at rest. In cone 
photoreceptors, it has been shown that 250 vesicles fuse per second in darkness, 
while saturating light reduces this to approximately 10 vesicle fusions per second 
(Choi et al., 2005). 
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Postsynaptically, the neurons of the visual and auditory system are also very 
different. In the visual system, bipolar cells display graded changes to their 
membrane potential in response to input from photoreceptor synapses (Barlow, 
1953). Type I SGNs in the auditory system, by contrast display spiking responses to 
input from auditory ribbon synapses (Glowatzki and Fuchs, 2002). 
Finally it is also clear that there are key differences in the molecular machinery for 
exocytosis at the different ribbon synapses of the auditory and visual system. For 
example, exocytosis at photoreceptor ribbon synapses relies on conventional 
synaptic machinery for exocytosis (Morgans, 2000). Conversely, many of the 
conventional synaptic proteins appear to be absent from the auditory ribbon 
synapse, e.g. synaptotagmins and SNARE proteins (Safieddine et al., 2012). The 
clear differences between the behaviour and molecular machinery of ribbon 
synapses from the auditory and visual systems make it impossible to generalise 
results from studies of one system to the other.  
1.6 Exocytosis at the ribbon synapse of IHCs. 
Exocytosis at the auditory ribbon synapse has a number of unusual characteristics; 
for example mature IHCs show an unusual linear relationship between the calcium 
influx during a depolarising stimulus and the corresponding exocytotic response 
(Johnson et al., 2005). Later studies showed that IHCs from the high frequency 
(≈30kHz) region of the gerbil cochlea displayed linear calcium-dependencies for 
exocytosis, while IHCs from the low frequency (≈300Hz) region display a high-order 
calcium dependency of exocytosis, similar to conventional synapses and immature 
IHCs (Johnson et al., 2008). The linear calcium dependency of exocytosis is possibly 
due to tight coupling between the calcium channels and exocytotic machinery on 
the vesicle surface allowing the opening of small numbers of calcium channels to 
trigger the release of synaptic vesicles (Brandt et al., 2005; Zampini et al., 2010). 
However it has also been suggested that the calcium-dependency of exocytosis is 
only quasi-linear due to the summation of different high-order saturating calcium-
dependencies of exocytosis at different active zones within the same cell (Heil and 
Neubauer, 2010). However the linear relationship between calcium influx and 
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exocytosis is established, the presynaptic machinery at the auditory ribbon 
synapses is highly specialised to convey a wide range of exocytotic responses to 
small changes in the receptor potential of the IHC. This is likely to be important for 
coding sound intensity as low intensity stimuli appears to only activate low 
threshold SGNs (discussed below).  
Calcium channels regulate exocytosis at auditory ribbon synapses. 
L-type calcium channels were shown to be essential for hearing when mice lacking 
the α1D subunit were shown to be profoundly deaf (Platzer et al., 2000). This was 
later confirmed to be a defect in the IHC as there was a 90% reduction in the 
calcium current in IHCs from mice lacking the L-type CaV1.3 channel. The remaining 
calcium current is carried by an unidentified L-type calcium channel, likely to be 
CaV1.4 (Brandt et al., 2003). CaV1.3 channels colocalise with synaptic ribbons in 
mature IHCs, where the opening of small numbers of channels is suggested to 
create nanodomains of high calcium concentrations that stimulates the release of 
vesicles from the RRP docked at the ribbon synapse (Brandt et al., 2005). The 
number of calcium channels in mature IHCs has been estimated to be 
approximately 1700 channels with 80 at each ribbon synapse using nonstationary 
fluctuation analysis of mouse IHCs (Brandt et al., 2005), or approximately 2800 
channels with 180 at each ribbon synapse using single-channel (unitary) current 
data from gerbil IHCs (Zampini et al., 2013). The discrepancies in the estimations 
seem to be due to differences in the estimation of the open probability (Po) of the 
channels during depolarisation (Po = 0.82 and Po = 0.21 respectively). Unitary 
current analysis also showed that CaV1.3 channels open with a very short opening 
latency (50µs) and have two different gating modes; one mode is characterised by 
brief infrequent openings, the other by longer openings, or high-frequency bursts of 
openings, which is suggested to support phase-locking of vesicle release to sound 
stimuli (Zampini et al., 2013). Similar gating modes of calcium channels have 
previously been described in other systems, where they have been linked to 
intrinsic modulators of calcium-channel activity (Kamp and Hell, 2000; Carabelli et 
al., 2001). CaV1.3 channels are essential for driving neurotransmitter release at the 
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ribbon synapse of IHCs in response to sound and are also likely to be important for 
spontaneous activity at the ribbon synapse. 
Fusion machinery for exocytosis at the ribbon synapse 
The molecular machinery governing exocytosis at the IHC ribbon synapse has been 
the focus of many intense electrophysiological studies in recent years, 
unfortunately, many studies have yielded more questions than answers. Early 
evidence for unique exocytotic machinery at the ribbon synapse was the absence of 
synapsins and synaptophysins in IHCs (Safieddine and Wenthold, 1999). 
Synaptophysin is thought to be involved in regulating SNARE-complex assembly due 
to its binding to synaptobrevin, preventing the association of synaptobrevin with 
SNAP-25 and syntaxin (Edelmann et al., 1995), possibly regulating the availability of 
certain vesicles for exocytosis to maintain the vesicle supply during periods of 
sustained synaptic activity (Becher et al., 1999). Synapsins are also thought to have 
a role in maintaining reserve pools of vesicles in synaptic terminals and in vesicle 
transport, accelerating the transition of vesicles from reserve pools to the (Li et al., 
1995; Rosahl et al., 1995). The lack of these molecules suggests IHCs express a 
unique set of molecules that regulate exocytosis at the auditory ribbon synapse. 
Further evidence for the unique fusion machinery at ribbon synapses is that SNARE-
cleaving fragments of botulinum neurotoxins fail to block vesicle fusion at the IHC 
ribbon synapse (Nouvian et al., 2011); suggesting exocytosis from IHC ribbon 
synapses is not mediated by neuronal SNAREs.  
Exocytosis from ribbon synapses is not only independent of SNARE-proteins; the 
classical calcium sensors for fast exocytosis – synaptotagmins I and II – are not 
detectable in mature IHCs. Interestingly, both are expressed in immature IHCs and 
are downregulated during maturation. Synaptotagmin-II is down-regulated by P8, 
while synaptotagmin-I is down-regulated progressively in a basal to apical fashion 
from P10 to P21 (Beurg et al., 2010).  
While synaptotagmins do not play their conventional role as calcium sensors for 
fast synchronous exocytosis at mature ribbon synapses, they do appear to support 
the functional ribbon synapse; mature IHCs express the calcium-insensitive 
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synaptotagmin-IV and IHCs from synaptotagmin-IV null mice fail to develop a linear 
calcium-dependency of exocytosis in IHCs (Johnson et al., 2010). Synaptotagmin-II is 
also expressed in the cholinergic efferent system, which form transient synapses 
with immature IHCs (Simmons et al., 1996; Katz et al., 2004). IHCs from mice lacking 
functional efferent input, either by the loss of synaptotagmin II, or the loss the 
nicotinic acetylcholine receptor α9nAChR also fail to develop a linear calcium-
dependency of exocytosis (Johnson et al., 2013a). 
To counter the loss of synaptotagmins, there needs to be an alternative calcium 
sensor for exocytosis at the auditory ribbon synapse. Currently the only candidate 
molecule is the multi-C2 domain protein otoferlin. Mutations in otoferlin are 
responsible for nonsyndromic, hereditary hearing loss in humans (Yasunaga et al., 
1999). Otoferlin is expressed in multiple isoforms in hair cells of the auditory and 
vestibular system, as well as in neurons in the brain (Yasunaga et al., 2000; Schug et 
al., 2006). Otoferlin has been proposed to have many roles in IHCs including; the 
calcium sensor for exocytosis (Roux et al., 2006), organisation of the basolateral 
compartment of IHCs via interactions with myosin VI (Heidrych et al., 2009), vesicle 
pool replenishment (Pangrsic et al., 2010), and as a coupler for endocytic reuptake 
of synaptic vesicles (Duncker et al., 2013). While otoferlin’s role at the ribbon 
synapse is still controversial, it is clearly an important molecule in the functional 
IHC. Mice lacking otoferlin show a greatly reduced exocytotic response to increases 
in intracellular calcium (Roux et al., 2006). The many proposed functions of 
otoferlin have led to the suggestion that it is a multifunctional regulator of the 
vesicle cycle in IHCs (Pangrsic et al., 2012).  
Activity at different synapses of a given IHC may encode sound intensity. 
Recording activity in the afferent neurons of type I SGNs has revealed that fibres 
with different rates of spontaneous activity respond to acoustic stimulation by their 
characteristic frequency with different thresholds (Kiang, 1966). This was later 
shown to correlate with differences in the morphology of the fibres: high 
spontaneous rate fibres tend to be thicker and form synapses on the pillar face of 
an IHC, while fibres with low spontaneous rates tend to form synapses on the 
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modiolar face of an IHC (Kiang et al., 1982). This suggests that the intensity of 
auditory stimuli is encoded by activity in different type I SGNs, possibly due to 
differences in the output from the different ribbon synapses of IHCs responding to a 
given frequency. 
The ribbon synapses of a single IHC have been shown to have both presynaptic and 
postsynaptic specialisations, such as larger ribbons and smaller postsynaptic AMPA 
receptor patches at synapses on the modiolar side of the IHC, compared to those 
on the pillar side of the IHC (Liberman et al., 2011). This supports the idea that 
sound intensity is encoded by afferent output from different ribbon synapses, with 
low intensity sounds stimulating spike trains from the “low-threshold, high 
spontaneous rate fibres”, while high intensity sounds may stimulate both low and 
high-threshold fibres for a given frequency. 
1.7 Vesicle recycling. 
Presynaptic cells require an efficient means of retrieving phospholipids and 
vesicular proteins from the presynaptic membrane in order to replenish the pools 
of synaptic vesicles during repetitive stimulation. The uptake of plasma membrane 
and extracellular molecules is known as “endocytosis”. At synapses, the recycling of 
synaptic membranes to produce synaptic vesicles is termed “vesicle recycling” and 
is thought to be largely dependent on clathrin-mediated endocytosis (CME) (Heuser 
and Reese, 1973; Rizzoli, 2014). 
Clathrin-mediated endocytosis 
The uptake of plasma membrane, membrane components and extracellular cargo 
by CME is arguably the best understood mechanism for internalisation in any cell 
type and has been reviewed in great detail (McMahon and Boucrot, 2011; Rizzoli, 
2014). It is particularly important at synapses, where it is essential for 
replenishment of synaptic vesicle pools during prolonged synaptic activity. Briefly, 
there are a number of processes essential for CME to occur. First the nucleation of 
endocytic regulator complexes and the invagination of an endocytic pit. Second the 
selection of cargo and concurrent recruitment of clathrin molecules by the adaptor 
protein AP-2 and accessory proteins. Clathrin molecules self-assemble into 
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hexagonal or pentagonal lattices, leading to the formation of a clathrin-coated pit 
on the intracellular surface of the cells membrane. As the pit continues to 
invaginate, the curvature of the clathrin coated pits increases, leading to 
recruitment of the Bin1/Ampiphysin/RVS167 (BAR) domain proteins endophilin and 
dynamin. Vesicle scission appears to be mediated by enzymatic action of dynamin, 
but the precise mechanism remains unclear. This leads to the formation of a 
clathrin-coated vesicle. The clathrin coat is then rapidly disassembled, resulting in a 
vesicle that can either be recycled back into a synaptic vesicle, or targeted to 
intracellular organelles, such as endosomes, for sorting. 
Endocytosis at the ribbon synapse 
Endocytosis at the ribbon synapse of IHCs has received little attention compared to 
exocytosis, even though the time course of endocytosis was measured in one of the 
first studies to use capacitance changes as a measure of exocytosis from the ribbon 
synapse of IHCs (Moser and Beutner, 2000). However, recent studies are beginning 
to shed light on the mechanisms and regulation of endocytosis at auditory ribbon 
synapses. 
An in-depth study of endocytosis in IHCs suggests two modes of endocytosis with 
distinct kinetics mediate the reuptake of vesicular membranes and components in-
vitro. Short depolarisations, used to elicit the fusion of relatively small numbers of 
vesicles and small increases in membrane capacitance are followed by a slow, linear 
decrease in membrane capacitance. This decrease is thought to represent the 
removal of vesicle membranes from the presynaptic membrane and can be blocked 
by inhibitors of dynamin and CME. Long depolarisations that lead to a greater 
increase in membrane capacitance trigger both a slow linear decrease and a faster, 
exponential decrease in membrane capacitance, believed to the formation of bulk 
endosomes by bulk endocytosis. High-pressure freeze-fracture electron microscopy 
reveals the presence of clathrin-coated pits and vesicles as well as endosomes after 
prolonged stimulation of IHCs with high external potassium (Neef et al., 2014). 
Furthermore, inhibitors of CME prevent efficient replenishment of the SRP in 
response to trains of 1s depolarising voltage steps (Duncker et al., 2013). These 
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results suggest that CME is the primary mechanism for membrane reuptake at 
auditory ribbon synapses, but during periods of high activity, bulk endocytosis can 
be used to rapidly remove vesicular membranes and components. 
The molecules regulating endocytosis at the ribbon synapses of hair cells are also 
beginning to receive some attention. The inositol 5-phosphatase protein 
synaptojanin-1 is important for maintaining synaptic transmission at ribbon 
synapses of zebrafish lateral line hair cells (Trapani et al., 2009) and is thought to be 
important for the uncoating of clathrin coated vesicles after endocytosis (Cremona 
et al., 1999). The ENU-mutagenised mozart mouse shows progressive hair cell 
death and hearing loss due to a point mutation in the phosphatase domain of 
synaptojanin 2, also thought to regulate CME, (Manji et al., 2011).  
Otoferlin has been shown to couple to AP-2, an adaptor protein for CME (Duncker 
et al., 2013), implicating otoferlin in the regulation of reuptake of vesicular 
membranes at auditory synapses. This may be the reason IHCs from mice carrying 
the pachanga mutation in otoferlin are unable to effectively replenish the vesicle 
pools (Pangrsic et al., 2010).  
1.8 Development of the inner ear. 
Morphological development of the cochlea. 
The inner ear develops from a small region of ectoderm adjacent to the neural 
tube, the otic placode, which invaginates to form the otocyst before an intense 
period of proliferation and morphogenesis to produce the complex architecture of 
the inner ear (Torres and Giraldez, 1998). In mice, the external coiled structure of 
the cochlea appears at embryonic day 12.5 (E12.5) and continues to grow until E17 
(Morsli et al., 1998), approximately 4 days before birth. After this point, maturation 
of the cells within the cochlea leads to changes in the internal architecture that are 
required for development of the functional cochlea. For example, growth of the 
inner and outer pillar cells leads to the opening of the tunnel of corti at postnatal 
day 4 (P4) (Ito et al., 1995). 
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The sensory epithelium of the cochlea develops simultaneously with extension of 
the cochlea coil. Terminal mitosis in the prosensory region occurs between E11.5 
and E14, beginning at the apex of the cochlea and progressing towards the base. 
Hair cells begin to differentiate at the mid-basal region at approximately E13.5 and 
differentiation progresses apically and basally along the cochlea until approximately 
E15.5 (Kelley, 2006).  
Differentiation of SGNs and synaptogenesis in the cochlea occurs simultaneously to 
hair cell differentiation in a similar progressive fashion; beginning at the basal coil 
of the cochlea at E11.5 and progressing until innervation of the apical coil occurs at 
E15.5 (Rubel and Fritzsch, 2002). SGNs develop from neuroblasts that delaminate 
from the developing otic placode, otocyst and the elongating cochlea (Rubel and 
Fritzsch, 2002). Afferent fibres of type I SGNs reach the organ of Corti at the same 
time as sensory hair cells begin to differentiate (Sher, 1971). Branched fibres of 
developing type I SGNs form multiple contacts with one or more IHCs and OHCs in 
the early postnatal cochlea (Echteler, 1992). At birth, both pre and post-synaptic 
molecules are expressed at many of these dendritic contacts (Huang et al., 2012). 
However during the first postnatal week, many of the dendrites are withdrawn, 
leaving a single dendrite, with a single afferent bouton for each type I SGN (Pujol et 
al., 1998). 
The architecture of the inner ear is fully formed by E17 and after this, only small 
changes in the anatomy occur, e.g. synaptic pruning and opening of the tunnel of 
corti. However there is a critical period of maturation, where hair cells and SGNs 
undergo functional changes, leading to development of the functional cochlea. 
Development of IHCs and ribbon synapses. 
All of the hair cells in the mouse cochlea are present by E14.5, but are not fully 
functional until the onset of hearing around P12. During this 2-3 week period, 
considerable changes occur in the morphology and function of IHCs and their 
ribbon synapses. For example there is a high order-relationship between calcium 
influx and vesicle fusion in immature IHCs, which becomes linear by the onset of 
hearing (Johnson et al., 2005), as discussed previously. 
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Synaptic ribbons are present in IHCs from birth, but they change significantly in 
number and shape before the onset of hearing. The number of ribbons increases, 
while their shape changes from spheroid to plate-like as the IHC and ribbon synapse 
matures (Figure 1.6) (Sobkowicz et al., 1982; Wong et al., 2014). Immature ribbon 
synapses can have multiple presynaptic ribbons in each active zone, but by the 
onset of hearing, only one ribbon is found at each synapse (Sobkowicz et al., 1982). 
Distribution of calcium channels also changes significantly in IHCs during the 
maturation period. During early postnatal periods, calcium channels are distributed 
throughout the plasma membrane of IHCs, but in mature IHCs, they are clustered 
with ribbon synapses in the basolateral portion of the IHC membrane (Zampini et 
al., 2010). The increase in colocalisation between calcium channels and ribbon 
synapses correlates with a decrease in the amplitude of the calcium current from 
around 500pA at P7 to around 150pA by P12 (Brandt et al., 2005; Johnson et al., 
2005). This suggests that there are a larger number of calcium channels in 
immature IHCs and expressed throughout the plasma membrane, which are down-
regulated before the onset of hearing. These “extra-synaptic” calcium channels in 
immature IHCs may be important for regulating spontaneous electrical activity 
observed in immature IHCs (Kros et al., 1998). 
Spontaneous activity in the developing cochlea. 
During the prehearing maturation period, IHCs display spontaneous and evoked 
action potentials (Kros et al., 1998). Unlike neuronal action potentials, spiking 
activity in immature IHCs relies on calcium ions (Marcotti et al., 2003b). Inner 
supporting cells in the developing organ of Corti also display spontaneous 
depolarisation events that can be augmented by ATP and inhibited by P2 purinergic 
receptor antagonists, suggesting they are triggered by endogenous release of ATP 
locally. These spontaneous events were linked to spontaneous changes in cell shape 
that propagated through Kollikers organ, the supporting cell region adjacent to 
IHCs, (Tritsch et al., 2007). ATP and mechanical damage have previously been 
shown to induce propagating calcium waves in supporting cells of the outer sulcus 
(adjacent to OHCs) (Gale et al., 2004; Piazza et al., 2007). Tritsch et al. showed that 
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connexin hemichannel blockers could inhibit spontaneous activity of developing 
supporting cells, suggesting that ATP release through these hemichannels drives 
this spontaneous activity. Purinergic receptor antagonists were also shown to 
reduce spontaneous activity in IHCs and spiking activity in SGNs, suggesting ATP 
released from the supporting cells of Kollikers organ during propagation of 
spontaneous activity is important for driving spontaneous activity in IHCs (Tritsch et 
al., 2007). 
Later work showed that when IHCs were exposed to endolymph-like solutions in-
vitro, the amplitude of the MET current was amplified due to increased open 
probability of the MET channel. This increased open probability led to an increased 
inward current at rest, which is suggested to be sufficient to depolarise the IHCs to 
approximately -55mV, very close to the threshold for triggering action potentials in 
immature IHCs (Johnson et al., 2012). Therefore in-vivo-like conditions, the resting 
transducer current is likely to be sufficient to intrinsically drive spontaneous activity 
in immature IHCs. The idea of “spontaneous” action potentials in immature IHCs 
being driven by ATP release from supporting cells is not mutually exclusive with the 
idea of intrinsic generation of action potentials. It is possible that there is a low 
level of intrinsically driven activity that can be augmented by ATP released from 
nearby supporting cells during propagating waves of calcium signalling, possibly 
synchronising activity of nearby IHCs. It is clear that spontaneous activity is 
important for development of auditory function and processing, as outlined below. 
Spontaneous activity and the ribbon synapse. 
The pattern of spontaneous activity of IHCs can be modulated by acetylcholine, 
which in vivo may be released from olivocochlear efferent fibres that form transient 
synapses with immature IHCs (Glowatzki and Fuchs, 2000). Spiking activity in IHCs 
from mice lacking functional nicotinic acetylcholine receptors is insensitive to 
acetylcholine and during maturation, these IHCs fail to develop a linear relation 
between calcium influx and exocytosis, suggesting modulation of spontaneous 
activity by acetylcholine is important for maturation of the ribbon synapse in IHCs 
(Johnson et al., 2013a).  
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Normal spiking activity in developing IHCs is dependent on the activity of the 
transiently expressed Ca2+-activated small conductance potassium (SK2) channel 
(Kcnn2) (Marcotti et al., 2004; Johnson et al., 2007). IHCs from mice overexpressing 
the SK2 channel (SK2OE) display an increased frequency of developmental action 
potentials and fail to develop a linear calcium-dependency of exocytosis at the 
mature ribbon synapse (Johnson et al., 2013b). Interestingly, normal expression 
levels and activity of the SK2 channel could be restored in IHCs of the SK2OE mice 
by dietary administration of doxycycline. This was used to demonstrate that normal 
spiking activity during the second postnatal week (P6-P12) is critical for maturation 
of the presynaptic machinery (Johnson et al., 2013b). This correlates well with 
refinement of calcium channel expression that occurs during this period (Johnson et 
al., 2005; Zampini et al., 2010). 
Spontaneous activity and the refinement of auditory circuits. 
Spontaneous activity at peripheral synapses is known to be important for 
development of circuits in the central nervous system (Katz and Shatz, 1996; 
Stellwagen and Shatz, 2002; Blankenship and Feller, 2010). In the auditory system, 
spiking activity in immature IHCs is sufficient to trigger exocytosis from IHCs 
(Marcotti et al., 2003b; Tritsch and Bergles, 2010) and drives spiking activity in SGNs 
and neurons in the medial nucleus of the trapezoid body (MNTB) in the auditory 
brainstem (Tritsch et al., 2010). 
The pattern of spontaneous activity in immature IHCs is dependent on the position 
of the IHC in the cochlea, with apical cells displaying short bursts of high frequency 
action potentials separated by long periods of quiescence, while basal IHCs display 
regular, non-bursting activity (Johnson et al., 2011). This suggests the pattern of 
spiking activity is important for refinement of tonotopic maps in the CNS. 
In neonatal mice lacking the α9 subunit of nicotinic acetylcholine receptors, the 
overall level of spiking activity remains the same, but there are subtle shifts in the 
temporal regulation, such as an increase in the firing rate during bursts, but a 
reduction in the lengths of the bursts. At the onset of hearing, these mice display an 
increase in the number of synaptic boutons and spread of MNTB projections in the 
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lateral superior olive (LSO), indicating a reduction in developmental synaptic 
pruning and tonotopic refinement in the LSO (Clause et al., 2014). This 
demonstrates the importance of spontaneous activity in IHCs for the development 
of normal auditory circuits in the CNS. 
1.9 Investigating the functional ribbon synapse of IHCs. 
Recent electrophysiological studies have begun to provide insight into the 
molecular machinery for exocytosis at the ribbon synapse, such as the diverse roles 
for otoferlin and the apparent lack of a role for SNARE-proteins, or calcium-
sensitive synaptotagmins at the mature ribbon synapse. However, there are still 
many questions to be answered to improve our understanding of this unique 
synapse. Notably, are there as yet unidentified mediators of vesicle fusion 
expressed at the presynaptic membrane of IHCs? Are these molecules neuronal 
SNARE proteins, or similar? Alternatively, if otoferlin is the calcium sensor for 
exocytosis at the auditory ribbon synapse, does it also mediate fusion? This could 
be achieved by insertion of one or more C2 domains into the presynaptic 
membrane driving fusion with the vesicle membrane, possibly similar to the 
proposed role for synaptotagmins in the dyad hypothesis (Gundersen and Umbach, 
2013). 
Are there other calcium-sensitive regulators of the vesicle cycle expressed at the 
presynaptic active zone of IHCs? These unidentified molecules may regulate rapid 
priming, or replenishment of synaptic vesicles to maintain the size of the vesicle 
pools during sustained periods of stimulation.  
It is also not clear how maturation of the synaptic machinery at the auditory ribbon 
synapse occurs. It appears that expression of neuronal regulators of synaptic 
function is downregulated during a critical period of sensory-independent activity in 
the developing cochlea (Beurg et al., 2010; Johnson et al., 2013b). Is expression of 
alternative regulators of synaptic function upregulated during this period? Or do 
otoferlin dependent mechanisms for vesicle fusion mature to form the functional 
synaptic machinery of the post-hearing cochlea? Identifying regulators of sensory-
independent activity in the developing cochlea may improve our understanding of 
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maturation of the synaptic machinery, allowing us to determine the molecules 
essential for this process. Furthermore, expression of specific molecules necessary 
for either the production, or maturation of the auditory ribbon synapse is likely to 
be controlled by highly regulated transcriptional pathways. Identifying the 
transcriptional regulators and pathways that control the expression of key ribbon 
synaptic molecules may provide insight into the unidentified regulators of ribbon 
synaptic function. 
1.10 Aims and objectives. 
This thesis will attempt to enhance our understanding of the molecular regulation 
of the auditory ribbon synapse by presenting the results of a number of 
investigations into possible novel regulators of ribbon synaptic function. I have used 
electrophysiology to monitor inward calcium currents and changes in membrane 
capacitance to assess the presynaptic function of IHCs from mice lacking a molecule 
of interest. 
The calcium-sensor DOC2B: 
The soluble calcium-sensor double C2 domain protein B (DOC2B) regulates synaptic 
vesicle priming and may regulate the transition of vesicles from reserve pools to the 
RRP (Pinheiro et al., 2013). Therefore, I considered DOC2B to be a novel candidate 
for regulating vesicle priming at the auditory ribbon synapse.  
Objective:  To assess the fusion of synaptic vesicles in IHCs from DOC2B KO mice 
and monitor the kinetics of fusion and replenishment of the vesicle pools. 
Hypothesis: Vesicle priming will be slowed at the auditory ribbon synapse, 
impeding the replenishment of the RRP and the kinetics of vesicle fusion. This 
should reduce the fusion of vesicles from the SRP, as fewer vesicles will become 
“fusion competent”. 
The inositol 5’-phosphatase family member Synaptojanin2 (SynJ2):  
SynJ2 has been shown to be expressed in IHCs, where it is essential for their survival 
(Manji et al., 2011) and is thought to regulate an early stage in CME (Rusk et al., 
37 
 
2003). As the molecular regulators of CME at the auditory ribbon synapse are 
unknown, SynJ2 is a good candidate for a regulator of CME in IHCs. 
Objective: To assess the internalisation of IHC membrane following exocytotic 
events in IHCs from SynJ2 KO mice and the replenishment of vesicle pools as a 
measure of vesicle recycling. 
Hypothesis: CME will be prevented in IHCs from SynJ2 KO mice, either slowing the 
internalisation of presynaptic membrane, or accelerating it as bulk endocytosis 
becomes the major component of endocytosis in these IHCs. This will also affect 
vesicle recycling, reducing the ability of the IHCs to replenish the vesicle pools. 
Connexin-based gap junctions in the cochlea: 
Connexins 26 and 30 (Cx26 and Cx30) form homomeric and heteromeric gap 
junctions in the supporting cells of the cochlea (Maeda and Tsukihara, 2011), where 
they mediate developmental spontaneous activity (Tritsch and Bergles, 2010). 
Developmental activity is important for the maturation of the synaptic machinery 
(Johnson et al., 2007), therefore disruption of this developmental activity in the 
supporting cells may affect the maturation of synaptic machinery IHCs. 
Objective: Assess the presynaptic function of IHCs from Cx30 KO mice that do not 
express Cx30 and with severely reduced expression of Cx26 (Ortolano et al., 2008). 
Hypothesis: The presynaptic machinery of IHCs from Cx30 KO mice will not have 
matured normally; therefore they are likely to display a non-linear relationship 
between calcium-influx and fusion of synaptic vesicles. 
The transcriptional co-activator Wbp2: 
Finally, the transcriptional Co-activator Wbp2 has been identified as a possible 
regulator of the auditory system by the mouse genetics project at the Wellcome 
Trust Sanger institute (Buniello et al., Under Revision). Preliminary research showed 
abnormalities at the ribbon synapses in the mature cochlea of Wbp2 KO mice. 
Objective: Assess the presynaptic function of IHCs from Wbp2 KO mice. 
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Hypothesis: Wbp2 regulates the expression of molecules essential for the mature 
presynaptic machinery in IHCs, therefore IHCs from Wbp2 KO mice, therefore IHCs 
from Wbp2 KO mice will display abnormal exocytotic responses, such as a nonlinear 
calcium-dependency of exocytosis, or altered kinetics of vesicle fusion.  
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Chapter 2 – Methods. 
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2.1 Changes in membrane capacitance represent fusion of synaptic vesicles: 
To release neurotransmitters from the presynaptic active zone of a cell, vesicles 
containing the neurotransmitter fuse with the presynaptic membrane, expelling 
their cargo into the synaptic cleft. After fusion of the synaptic vesicles, the 
additional membrane added to the plasma membrane of the presynaptic cell 
increases the surface area of the cell proportionally to the number of vesicles that 
fuse (Lindau and Neher, 1988). On the other hand, when vesicle membranes are 
removed from the presynaptic membrane, the cells surface area decreases 
accordingly. Due to the insulating properties of the phospholipid bilayers of cell 
membranes, they can store charge as an electric field, acting as an electrical 
capacitor.  
Capacitors, a brief introduction. 
Capacitors are common components of electrical circuits where two conductors 
(e.g. wires/plates/solutions) are separated by an insulator (e.g. 
glass/ceramic/phospholipid membrane). Capacitors can store charge (measured in 
coulombs – Q) in a circuit as an electrical field at the insulator, where positive 
charge builds on one conductor and negative charge on the other (Horowitz and 
Hill, 1980). The amount of charge (Q) stored in a capacitor is the product of the size 
of the capacitor (C) (measured in Farads - F) and the voltage (measured in volts – 
V): 
Q = CV 
Therefore when the voltage changes in the circuit, the amount of charge stored in 
the capacitor changes accordingly, leading to capacitive transients at a step change 
in the voltage as the capacitor charges/discharges accordingly. The size of the 
transient is relative to the size of the capacitor and the change in voltage. The decay 
constant (τ, measured in seconds) of the transient is a product of the size of the 
capacitor © and the resistance in the circuit (R, measured in Ohm’s - Ω): 
τ = RC 
41 
 
In patch-clamp electrophysiology, the glass wall of the patch pipette and the 
plasma membrane of the patched cell act as capacitors. The transients related to 
the capacitance of patch pipettes are relatively fast, due to the low resistance at 
the wall of the electrode and are known as fast-capacitive transients. The transients 
related to the cell membranes capacitance are relatively slow, due to the high 
resistance of the cell membrane (Hamill et al., 1981). Changes in the capacitance of 
a cells membrane can be measured using electrophysiology and used to quantify 
vesicle release and reuptake from a particular cell (Jaffe et al., 1978; Lindau and 
Neher, 1988) 
2.2 Solutions: 
Electrophysiological recordings of IHCs maintained in near physiological conditions 
in the acutely isolated cochlea, were carried out using the following solutions (For 
reagents, see table 2.1): 
Normal Extracellular Solution (ECS) contained the following (in mM):  
Sodium chloride (135), calcium chloride (1.3), potassium chloride (5.8), magnesium 
chloride (0.9) HEPES-buffer (10), glucose (5.6), sodium dihydrogen orthophosphate 
(0.7) and sodium pyruvate (2), supplemented with 20ml/L Amino Acids (from 
concentrate, 50X) and 10ml/L vitamins (from concentrate, 10X). Adjusted to pH 
7.48 with sodium hydroxide, osmolality; 306 mOsm Kg-1H2O. 
Extracellular solution with potassium channel blockers (ECS-B) contained 
the following (in mM): 
Sodium chloride (107), calcium chloride (1.3), potassium chloride (5.8) magnesium 
chloride (0.9), HEPES-buffer (10), glucose (5.6), tetraethylammonium chloride (30) 
and 4-aminopyridine (15). Adjusted to pH 7.48 with hydrochloric acid, osmolality; 
308 mOsmKg-1H2O. Additional channel blockers were added on the day of the 
experiment depending on the age of the animal to be recorded from.  
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Table 2.1: Reagents. 
Reagent Manufacturer Catalogue No. 
4-aminopyridine Aldrich 275875 
Amino Acids* Gibco 11130-036 
Apamin Tocris 1652 
Calcium chloride VWR 190464K 
Cesium chloride Aldrich 203025 
Cesium hydroxide Aldrich 232041 
Ethylene-Glycol-Tetraacetic acid (EGTA) Sigma 03777 
Glucose VWR 101174Y 
Glutamic acid Sigma 49449 
Guanosine triphosphate Sigma 51120 
HEPES-buffer Calbiochem 391338 
Hydrochloric acid (HCl) BDH 101252F 
Linopirdine Tocris 1999 
Magnesium chloride VWR 25108 
Potassium chloride VWR 26764 
Potassium Hydroxide VWR 102410V 
Sodium ATP Roche 1051998709 
Sodium chloride VWR 27810 
Sodium dihydrogen orthophosphate VWR 102454R 
Sodium Hydroxide VWR 28244 
Sodium phosphocreatine Sigma 27920 
Sodium pyruvate Gibco 11360-070 
Tetraethylammonium chloride Sigma 86614 
Vitamins* Gibco 11120-037 
* For composition of these products, please refer to tables 2.3 and 2.3 
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Table 2.2: Composition of amino acids produced by Gibco in 2015. 
Component  Concentration (mM) 
L-Arginine hydrochloride  30.0 
L-Cystine  5.0 
L-Histidine hydrochloride-H2O  10.0 
L-Isoleucine  20.0 
L-Leucine  20.0 
L-Lysine hydrochloride  19.8 
LMethionine  5.1 
L-Phenylalanine  10.0 
L-Threonine  20.0 
L-Tryptophan  2.5 
L-Tyrosine  9.9 
L-Valine  20.0 
 
Table 2.3: Composition of vitamins solution produced by Gibco in 2015. 
Component Congentration (mM) 
Choline chloride 100 
D-Calcium pantothenate 100 
Folic acid 100 
Nicotinamide 100 
Pyridoxial hydrochloride 100 
Riboflavin 10 
Thiamine hydrochloride 100 
i-Inositol 200 
Sodium Chloride (NaCl) 8500 
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Cesium-Glutamate based intracellular solution (Cs-ICS) contained the 
following (in mM): 
Cesium-glutamate (106), cesium chloride (20), sodium phosphocreatine (10), 
magnesium chloride (3), ethylene glycol tetraacetic acid (EGTA) (1), sodium ATP (5), 
HEPES-buffer (5) and guanosine triphosphate (0.3). Adjusted to pH 7.28 with cesium 
hydroxide, osmolality; 294 mmol Kg-1H2O. 
Potassium based intracellular solution (K-ICS) contained the following (in 
mM): 
Potassium chloride (131), sodium phosphocreatine (10), magnesium chloride (3), 
sodium ATP (5), HEPES-buffer (5), EGTA (1). Adjusted to pH 7.28 with potassium 
hydroxide, osmolality; 294 mOsm Kg-1H2O. 
Isolating calcium currents with pharmacological agents. 
To record calcium currents (ICa) in isolation, from IHCs, ECS-B contains 15 mM 4-
aminopyridine and 30 mM tetraethylammonium chloride, both of which block 
voltage-gated potassium channels that carry the delayed rectifier K+ current (IK,DR) 
and the rapidly activating large-conductance Ca2+-activated K+ current (IK,f). 
Recordings from IHCs of pre-hearing mice were also performed in the presence of 
300 nM apamin, a selective blocker of the transiently expressed small-conductance 
Ca2+-activated (SK2) current (Marcotti et al., 2004), added to ECS-B on the day of 
experiments. IHC recordings from post-hearing mice were performed in the 
additional presence of 80 µM linopirdine added to ECS-B on the day of experiments 
to block the KCNQ4 channels, expressed in IHCs after the onset of hearing and carry 
the negatively activating delayed rectifier current (IK,n) (Marcotti et al., 2003a). 
2.3 Preparation of the cochlea: 
Mice were killed by cervical dislocation according to schedule 1 of the animal and 
scientific procedures act 1986 and the entire vestibulocochlear system was 
removed from the temporal bone of the skull (Figure 2.1A). The bone/cartilage 
encasing the cochlea spiral was carefully removed in ice-cold ECS using fine forceps 
under a dissecting microscope (Leica, Germany). For immature cochlea (<P12), the 
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cochlear were separated from the modiolus before the stria vascularis was 
removed to allow access to the organ of Corti. The immature organ of Corti was 
then separated into apical and basal coils, with care taken to protect the portion to 
be studied. For mature cochlea (>P12), removal of the stria vascularis was carried 
out immediately after the bone was removed to expose either the apical or basal 
coil of the organ of Corti, which was then separated from the modiolus (Figure 
2.1B). The apical or basal coil of the organ of Corti was transferred to a recording 
chamber filled with ice-cold ECS, where it was secured under a nylon mesh (strands 
approx. 1mm apart) stretched over a stainless steel ring (internal diameter approx. 
21 mm). The tectorial membrane was removed using fine forceps to allow access to 
the IHCs (Figure 2.1C). The recording chamber containing the organ of Corti was 
mounted on a specialised stage of an experimental microscope (Figure 2.2).  
2.3 Electrophysiological recordings of membrane capacitance changes and calcium 
currents in IHCs: 
Visualising the organ of Corti. 
To visualise the organ of Corti, the recording chamber was mounted on a custom 
made rotating stage that allowed easy access to cells at different positions along 
the cochlea. Cells were visualised using an upright microscope (Olympus BX51, 
Tokyo, Japan) with nomarski DIC optics (X60 water immersion objective and X15 
eyepieces). To minimise mechanical noise, the microscope was mounted on an 
antivibration table (TMC, MA, USA). The setup was electrically isolated inside a 
custom made faraday cage (Figure 2.2).  
Perfusion of the recording chamber. 
The recording chamber was perfused with fresh normal ECS at 4-6 ml min-1 using a 
peristaltic pump (Cole-Palmer, IL, USA) and the cells were maintained in near 
physiological conditions (1.3 mM extracellular calcium, 35-37 °C). The peristaltic 
pump that perfused the recording chamber was located outside the faraday cage 
and the inlet and outlet tubes were connected to the ground to minimise electrical 
interference. 
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Figure 2.1: Preparation of the cochlea for electrophysiological recordings from 
apical coil IHCs. 
A. The vestibulocochlear system removed from the skull of a P18 mouse, 
encased in bone. Note the spiral structure of the cochlea (arrow). The 
attached vestibular system (arrowhead) is used to hold the cochlea still 
during dissection. 
B. The organ of Corti has been exposed by removing the bone and stria 
vascularis. The apical coil (arrow) has been protected from damage and will 
be removed from the modiolus (arrowhead). 
C. The organ of Corti, containing IHCs in the sensory epithelium (arrow). 
Secured in the recording chamber by nylon threads (arrowhead). 
A-C, Scale bars represent 1mm. 
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To allow switching of solutions between ECS and ECS-B during experiments, a 
home-made gravity driven solution changer with a large diameter tip (500µm) was 
positioned in the recording chamber near the organ of Corti preparation (Figure 
2.2). The solution changer was fed by three 10ml syringe reservoirs located inside 
the faraday cage, each of which was controlled using a three way tap. The flow rate 
was maintained at approximately 4-6 ml min-1 by keeping the height and volume of 
the reservoirs constant. Prior to establishment of the patch-clamp configuration, 
inflow from the peristaltic pump was diverted and normal ECS was perfused from 
the solution changer. After establishment of the patch-clamp configuration, the 
chamber was perfused with ECS-B. 
Maintaining physiological temperature. 
Physiological processes, such as ion channel activation and vesicle fusion, are 
affected by temperature. Therefore, recordings were performed near body 
temperature (35-37 °C). This was achieved using a custom made heating element 
below the recording chamber; six resistors were connected in series below a central 
disc of the rotating stage, which was isolated from the rest of the stage by a Teflon 
ring. The heating element was controlled using a potentiometer mounted on the 
equipment rack. A thermal probe was positioned in the recording chamber to 
provide a continuous read-out of the temperature around the tissue; this feedback 
was used by the potentiometer to maintain a constant temperature throughout the 
experiment. The potentiometer was calibrated using a separate thermocouple 
(Fluke, Washington, US) prior to experiments. 
Accessing an IHC. 
To access the basolateral membrane of an IHC, surrounding supporting cells were 
removed using a borosilicate glass cleaning pipette with a tip diameter of 3-4 µm. 
The cleaning pipette was connected to a syringe via plastic tubing, all of which was 
filled with normal ECS. The syringe was used to apply positive and negative pressure 
to the tip of the cleaning pipette (Figure 2.2). 
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Figure 2.2: Electrophysiological setup for recording from auditory hair cells. 
A) Photo of the electrophysiology setup used to record electrical properties of 
cochlear IHCs. 
B) Close up of the rotating stage of the microscope and recording chamber. 
A) +B) Components of the setup: i=Olympus BX51 water immersion 
microscope, ii=custom made rotating stage and mount, iii=TMC anti-vibration table, 
iv=headstage holder of scientifica patchstar micromanipulator, v=headstage of cairn 
optopatch amplifier, mounted in a custom made holder, vi=electrode holder and 
patch electrode, vii= ground electrode, viii=arm of thermocouple probe, ix=solution 
changer, x= 10ml reservoirs for solution changer, xi=electrode holder for cleaning 
pipette, xii= Intracel micromanipulator for the cleaning pipette, xiii= Marzhauser 
manipulators, xiv=control for patchstar micromanipulator, xv=recording chamber, 
xvi=inflow from peristaltic pump, xvii=outflow to peristaltic pump, xviii=10ml 
syringe for applying positive and negative pressure to the cleaning pipette, 
xix=tubing for applying pressure to the patch electrode. 
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Patch pipettes. 
Patch pipettes with a resistance of 2-4 MΩ were pulled from soda glass capillaries 
using a vertical puller (PP-13 Narishigi instruments, Japan). To minimise fast 
capacitive transients, patch pipette shanks were coated with wax (Mr. Zoggs Sex 
Wax, USA) up to ≈100 µm from the tip of the pipette. Patch pipettes were back 
filled with a cesium glutamate based intracellular solution (Cs-ICS), to block 
potassium channels with cesium ions, further isolating ICa. Patch pipettes were 
attached to the headstage of an optopatch amplifier mounted on a patchstar 
micromanipulator (Figure 2.2) (Scientifica instruments, UK).  
Establishing the patch-clamp configuration. 
During approach to the IHC, positive pressure was applied to the patch pipette to 
create a flow of ICS from the tip of the patch pipette, which prevented dilution of 
ICS in the patch pipette by ECS. The outward flow of ICS from the patch pipette also 
prevented debris from contaminating the tip of the patch pipette, which may have 
interfered with the formation of a seal between the patch pipette and cell 
membrane. On reaching the IHC, an indent in the clean IHC membrane became 
visible, at which point gentle negative pressure was applied to assist formation of a 
high resistance (>1 GΩ) electrical seal between the tip of the patch pipette and the 
IHC, the “gigaseal”. After formation of the gigaseal, the holding potential was set at 
-81 mV (taking account of the liquid junction potential of -11 mV). At this point, fast 
capacitive transients during a +10 mV voltage step, were cancelled out using the 
fast capacitance circuitry of the optopatch amplifier.  
After compensating for fast capacitance, negative pressure was briefly applied to 
the patch pipette, which ruptured the membrane of the IHC and established the 
whole-cell patch-clamp configuration. This was confirmed by the appearance of 
slow membrane transients during a +10 mV voltage step. These transients were 
minimised using the slow capacitance cancelling circuitry of the optopatch 
amplifier, which also allowed the measurement of cell membrane capacitance and 
the series resistance of the patch-clamp configuration. 
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Measuring changes in membrane capacitance. 
Capacitance measurements were carried out using the “track-in” method for 
membrane capacitance measurements with an optopatch amplifier (Johnson, 
2002). The track-in method is a modification of the “lock-in” technique for 
measuring cell membrane properties. Briefly, the “lock-in” technique utilises a 
phase-sensitive lock-in amplifier to measure the passive properties of cell 
membranes (Lindau and Neher, 1988). 
Due to the charging and discharging properties of capacitors, the current across a 
capacitor is a function of the change in voltage over the change in time: 
Ic(t) = C.dV/dT 
where Ic(t) is the instantaneous current through the capacitor (in amps), C is the 
capacitance of the capacitor (in farads) and dV/dT is the instantaneous rate of 
change in the voltage (Vs-1) (Horowitz and Hill, 1980). This means that when a 
sinusoidal voltage is applied to the capacitor, the phase of the current signal is 
shifted by 90o.  
 A sinusoidal command voltage (37 mV peak to peak at 4 kHz) is applied to the cell 
around the holding potential and the returning current signal is separated by phase 
into two outputs (commonly known as real and imaginary), which are used to 
calculate membrane capacitance, membrane conductance and series resistance. If 
the detection-phase of the lock in amplifier is set to 90o, changes in the real and 
imaginary outputs of the lock-in amplifier reflect changes in series resistance and 
membrane capacitance respectively (Johnson et al., 2002).  
The track-in technique is a modification of the lock-in technique, utilising an 
integrated lock-in amplifier in the optopatch patch-clamp amplifier. The main 
advantage of this technique is the ability for compensatory circuitry within the 
amplifier to allow the real and imaginary outputs of the lock-in amplifier to provide 
negative feedback to the series resistance and membrane capacitance 
compensatory circuits of the amplifier. Therefore, both outputs are maintained at 
0mV,  preventing the build-up of signals at the outputs of the lock-in amplifier, 
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which can lead to phase errors interfering with the measurement of Rs and Cm in 
conventional lock in amplifiers (Lindau and Neher, 1988).  
Changes in the series resistance of the patch-clamp configuration lead to changes in 
the time constant of the charging and discharging of the capacitor. While these 
changes are normally separated by the real output of conventional lock-in and the 
optopatch track-in amplifiers (Lindau and Neher, 1988; Johnson et al., 2002), large 
changes (>0.5 MΩ) – particularly increases – in Rs prevent accurate recordings of 
membrane currents, limiting the amplifiers capability to monitor changes in 
membrane capacitance. 
The holding current, membrane resistance and leak conductance. 
Other properties of the whole-cell patch clamp configuration were calculated 
offline including, the holding current (Ih), the membrane resistance (Rm) and the 
leak conductance (gL). These properties were used to assess the overall condition 
of the cell and recording configuration.  
Ih is the current recorded while holding the cell at a given potential (-81 mV), 
expressed in pA. Rm is the resistance of the membrane of a cell, expressed in MΩ; it 
is determined by measuring the difference in the current recorded at the holding 
potential and the current recorded during a small voltage step (10 mV) and 
calculated using Ohm’s law: 
V = IR 
where V = voltage, I = current and R = resistance. 
This can be rearranged to calculate Rm: 
Rm = 10  mV ÷ Im  pA 
Where Rm = membrane resistance and Im = the change in recorded membrane 
currents during a +10 mV voltage step. 
The +10 mV voltage step used to does not significantly change the open probability 
of voltage-gated channels in IHCs (Zampini et al., 2010); therefore the vast majority 
of the change in current will be “leak-current”, due to the conductance of ions 
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through non-gated channels/pores in the cells membrane. This is the leak 
conductance, gL, which can be calculated as the reciprocal of Rm: 
gL = 1 ÷ Rm 
where gL is the conductance in nS and Rm is the resistance in GΩ. 
2.4 Electrophysiological recordings of voltage responses and potassium currents 
IHCs: 
A small number of experiments carried out in this study have used different 
experimental conditions to measure potassium currents and voltage responses in 
IHCs. These experiments have been used to test for differences in the overall 
physiology of IHCs from control mice, compared to IHCs from mice deficient for a 
particular protein (KO). 
Current clamp electrophysiology was used to measure the resting membrane 
potential of IHCs and assess their voltage responses to current injections. Voltage 
clamp protocols were used to assess the current profiles of IHCs, notably; the large 
conductance calcium activated potassium current IK,f, the slow delayed rectifier 
current IK,s and the negatively activating inward rectifier current IK,n.  
The procedures used for recording voltage responses and potassium currents were 
very similar to those used for recording calcium currents and changes in membrane 
capacitance. The main differences were in the conditions used during the 
recordings: 
1) The intracellular solution loaded into the patch pipette was potassium based 
intracellular solution (K-ICS) rather than Cs-ICS. This is because cesium is a 
potassium channel blocker.  
2) IHCs were maintained throughout the recordings by perfusion of normal ECS, as 
pharmacological channel blockers are not required to measure the potassium 
currents in IHCs. 
3) The organ of Corti was maintained at room temperature (20-22˚C) rather than 
body temperature, which allows the preparation to be maintained in vitro for 
longer, allowing more results to be obtained from each preparation. 
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2.5 Animal care: 
All studies were carried out on acutely isolated tissue from animals culled by a 
schedule 1 method outlined in the animals for scientific procedures act, 1986; 
therefore, no licence was required for these experiments. In accordance with 
internal guidelines, schedule 1 was carried out at the University of Sheffield by the 
author, after completion of modules 1, 2 and 3 of the home office animal handling 
course and registration as a schedule 1 practitioner. 
Animals were housed at the University of Sheffield in accordance with UK home 
office guidelines. Genetically modified mice were bred under a dedicated project 
licence. Monogamous breeding pairs of each strain of animals were selected after 
genotyping by PCR. Breeding pairs were set as either; homozygous (-/-), 
heterozygous (+/-) crosses, or heterozygous, heterozygous crosses in order to 
produce pups with mixed genotypes in Mendelian ratios. This allows recordings of 
IHCs from knockout animals (-/-) to be compared to those from littermate controls 
(+/+, or +/-). In all cases, results from IHCs of heterozygous mice were compared to 
those from wild-type mice before pooling data. 
Genotyping. 
Mice were genotyped by PCR amplification of genomic DNA. For breeding stock and 
experiments carried out using IHCs from adult mice, DNA was isolated from ear-
clips taken at, or after postnatal day 14. The tail was kept after experiments to 
confirm the genotype if necessary. For experiments performed using IHCs from 
immature mice, the tail was kept after the experiments and DNA was isolated from 
approximately 2 mm of tail.  
DNA was isolated using proteinase K digestion. The DNA was then amplified by PCR 
using the primers outlined in table 2.2. 
Ethical approval: 
All experiments carried out in this study were approved by the University of 
Sheffield Ethical Review Committee. 
56 
 
2.6 Data handling, presentation and analysis: 
Data was collected from the optopatch amplifier using Clampex 10.3 software 
(Molecular Devices, CA, USA) and a Digidata 1440A, analogue-digital converter 
(Molecular Devices, CA, USA). The current signal of IHCs was filtered at 2.5 kHz 
using a Bessel filter and amplified at 5 mV pA-1. 
Offline analysis was carried out using Clampfit software (Molecular Devices) to 
quantify and subtract Ih (at -81 mV) and calculate Rm and gL, which was subtracted 
for each recording. This facilitated the measurement of the real amplitudes of the 
calcium currents recorded from IHCs. Current recordings were exported to 
OriginPro 8.5 analysis software (OriginLab, MA, USA), where the command voltage 
of each voltage step (set in Clampex 10.3) was corrected for the voltage drop due to 
Rs of the whole-cell configuration.  
Calcium currents for each IHC were measured as the peak amplitude of the current 
recorded during a voltage step using Clampfit software. Changes in membrane 
capacitance were determined by averaging the recording of changes in membrane 
capacitance over a period of 100 ms shortly after each voltage step using Clampfit 
software. Linear and exponential fits of changes in membrane capacitance 
recordings were carried out using OriginPro software. Potassium currents were 
quantified using OriginPro; steady state currents are measured by averaging the 
amplitude of each recording over the last 20 ms of a voltage step and onset 
currents are measured as the amplitude of the current 2 ms after the start of the 
voltage step. 
Statistical analysis of means was carried out in OriginPro software and average 
results are presented as mean ± S.E.M. To compare single data points, a two-tailed 
Student’s T-test was used. To compare data sets with multiple points, two-way 
ANOVA with a Bonferroni post-test was used, as data sets had at least two 
independent variables, e.g. genotype and step duration. A P-value of < 0.05 was 
used as the benchmark criterion for statistical significance.  
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Table 2.4: Genotyping by PCR. 
Strain Primer Primer sequence (5’-3’) Expected band 
sizes (bp) 
DOC2B RZ318 CGCTTGGTGGTCGAATGGGCAGGTAGC WT: 660 
KO: 1250 Mav206 CGGCTACGAGTCAGACGACTG 
Rz335R CCTCAGGGACCACACAAGCCACCAGGAGAGG 
SynJ2 SynJ2 F GGGGAGGGGTCCATGTTAAG WT: 385 
KO: 150 SynJ2 R CCGCAGAACACACTCTAGC 
Cas_R1 TCGTGGTATCGTTATGCGCC 
Cx30 Cx30USP GGTACCTTCTACTAATTAGCTTGG WT: 544 
KO: 460 Cx30 DSP AGGTGGTACCCATTGTAGAGGAAG 
Cx30lacZ AGCGAGTAACAACCCGTCGGATTC 
Wbp2 WBPT F GCCCAATGGAGAGGAACAAG WT: 642 
KO: 380 WBPT R GTAACTCCAGCATCAGGGGG 
Cas_R1 TCGTGGTATCGTTATGCGCC 
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Chapter 3 - Is DOC2B a Calcium Sensor for Vesicle 
Priming, or Pool Replenishment at the Auditory 
Ribbon Synapse? 
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3.1 Introduction: 
The presynaptic machinery for exocytosis at the auditory ribbon synapse is capable 
of sustaining high rates of vesicle fusion over sustained periods due to rapid 
replenishment of the vesicle pools (Griesinger et al., 2005). The calcium sensor 
otoferlin has been implicated in vesicle replenishment (Pangrsic et al., 2010); 
however it is likely that other calcium sensors regulate distinct steps in the vesicle 
cycle, such as vesicle priming. We have identified the double C2 domain protein 
DOC2B as a possible calcium sensor for vesicle priming at the presynaptic active 
zone of IHCs.  
DOC2B as a regulator of the vesicle cycle 
DOC2B is a soluble, ubiquitously expressed calcium sensor that binds phospholipids 
in a calcium-dependent manner (Orita et al., 1995; Kojima et al., 1996). In 
overexpression systems and neurons, cytosolic DOC2B translocates to the plasma 
membrane in response to calcium influx, as well as enhancing calcium dependent 
exocytosis in PC12 cells (Orita et al., 1996; Groffen et al., 2004; Groffen et al., 2006). 
DOC2 proteins bind a number of regulatory molecules for exocytosis, such as MUNC 
18 and MUNC13 (Verhage et al., 1997; Hori et al., 1999), as well as competing with 
syntaxin-4 for MUNC18C binding (Ke et al., 2007) and binding to complexes of 
syntaxin-1 and SNAP-25, but not the individual proteins (Friedrich et al., 2008). 
Recent studies have shown that DOC2B can form complexes with both MUNC18-1 
and MUNC18C in pancreatic islet cells, leading to the suggestion that DOC2B acts as 
a molecular scaffold for secretory proteins (Ramalingam et al., 2014). DOC2B has 
also been suggested to act as a calcium switch, enhancing the number of vesicles 
that are “fusion competent”, without affecting the number of morphologically 
docked vesicles (Friedrich et al., 2008). More recently, it has been shown that the 
sustained/asynchronous component of exocytosis is augmented in chromaffin cells 
lacking DOC2B, suggesting that DOC2B inhibits the sustained/asynchronous 
component of exocytosis in chromaffin cells, increasing fast/synchronous 
exocytosis. It was also found that in the absence of DOC2B the refilling of the RRP 
was faster but incomplete; suggesting the main role for DOC2B is controlling the 
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availability of vesicles for release (Pinheiro et al., 2013). Finally DOC2B has recently 
been shown to enhance SNARE-mediated membrane fusion by bending the plasma 
membrane (Yu et al., 2013), similar to the finding that membrane bending by 
synaptotagmin 1 is important for calcium regulated fusion (Hui et al., 2009). It 
seems likely that DOC2B is involved in regulating the transition of vesicles from the 
SRP to the RRP, promoting vesicle priming prior to fusion. The molecules regulating 
vesicle priming at the auditory ribbon synapse are currently unknown and the 
ubiquitous expression of DOC2B suggests it has roles in a wide variety of cell types; 
therefore, it is a good candidate for a novel regulator of exocytosis in IHCs. 
Preliminary hearing tests using a “click box” to test the pinna reflex suggested mice 
deficient for DOC2B (DOC2B KO) were less sensitive to noise than littermate 
controls, suggesting they had a hearing impairment. Unfortunately further trials 
were unable to confirm this. Due to DOC2Bs reported role in replenishment of the 
RRP (Pinheiro et al., 2013), it seems unlikely that DOC2B deletion would abolish 
glutamate release at the auditory ribbon synapse and is unlikely to affect auditory 
thresholds. Therefore, I have investigated vesicle fusion in IHCs from DOC2B KO 
mice to determine if DOC2B has a role in regulating the supply, docking, or priming 
of synaptic vesicles at the auditory ribbon synapse. I have carried out 
electrophysiological measurements of calcium currents and changes in membrane 
capacitance in IHCs from DOC2B KO mice as a highly sensitive measure of 
exocytotic responses of IHCs to determine if DOC2B has a functional role in calcium-
regulated exocytosis at the auditory ribbon synapse.  
Research into the exact role of DOC2B in exocytosis has been hindered by a lack of 
suitable antibodies for immunostaining, preventing its localisation within neurons 
and secretory cells. Therefore we have been unable to confirm the expression of 
DOC2B within IHCs. 
DOC2B KO mice were received from Sander Groffen (Groffen et al., 2010), and 
maintained on a C57Bl/6 background. Apical coil IHCs from control (DOC2B+/+ and 
DOC2B+/-) and knockout (KO) (DOC2B-/-) were studied in the acutely isolated organ 
of Corti from young (P5-8) and adult (P17-29) mice. No differences have been 
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observed between DOC2B+/- and DOC2B+/+ mice previously (Groffen et al., 2010; 
Pinheiro et al., 2013) and recordings of IHCs from DOC2B+/- mice were compared 
to those from DOC2B+/+ mice before pooling data. 
3.2 Results: 
3.2.1 Electrical properties of IHCs from control and DOC2B KO mice: 
IHCs from control and DOC2B KO mice were held in the patch-clamp configuration 
in near physiological conditions (1.3 mM Ca2+ at 37˚C), at a potential of -81 mV. 
Significant differences were observed in some of the electrical properties between 
the IHCs from adult control and DOC2B KO mice (Table 3.1), for example, IHCs from 
control mice had a significantly (P < 0.01, Students T-test) lower series resistance 
(5.27 ± 0.2 MΩ, n = 20) and higher membrane capacitance (10.40 ± 0.2 pF, n = 20) 
than IHCs from DOC2B KO mice (Rs = 6.34 ± 0.3 MΩ; Cm = 7.50 ± 0.2 pF, n = 16). 
IHCs from control mice also had significantly larger holding currents and leak 
conductances (Ih = -47.4 ± 5.7 pA and gL = 1.58 ± 0.16 nS, n = 20) than those from 
DOC2B KO mice (Ih = -12.9 ± 1.1 pA and gL = 0.62 ± 0.02 nS, n = 16). This suggests 
that there are more non-gated ion channels expressed in the plasma membrane of 
IHCs from control mice than DOC2B KO mice. However, as I was able to record 
calcium currents and changes in membrane capacitance from control and DOC2B 
KO IHCs, this was not followed up on and falls outside of the scope of this study. 
In contrast, no significant differences were observed between the electrical 
properties of IHCs from prehearing (P5 – P8) control and DOC2B KO mice, 
suggesting that the membrane properties of IHCs from DOC2B KO mice are normal 
at this age. 
Table 3.1: Electrical properties of IHCs from control and DOC2B KO mice. 
Genotype (age) Rs (MΩ) Cm (pF) Ih at -81 mV (pA) Rm (MΩ) gL (nS) n 
Control (P17-P29) 5.27 ± 0.2 10.40 ± 0.2 -47.4 ± 5.7 769 ± 82 1.58 ± 0.16 20 
KO (P17-P29) 6.34 ± 0.3 7.50 ± 0.2 -12.9 ± 1.1 1643 ± 45 0.62 ± 0.02 16 
Control (P5-P8) 6.2 ± 0.7 9.15 ± 0.7 -132.5 ± 27.7 405 ± 95 3.9 ± 1.3 6 
KO (P5-P8) 6.9 ± 0.8 9.34 ± 0.5 -95.8 ± 9.4 359 ± 28 2.0 ± 0.3 8 
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3.2.2 Exocytosis from the ribbon synapse of IHCs from DOC2B KO mice: 
To investigate the function of the ribbon synapse in IHCs from adult (P17 – P29) 
DOC2B KO mice, a series of voltage steps in 10 mV increments were applied to the 
cell. Voltage steps were applied for 100 ms to trigger a robust increase in 
membrane capacitance. Pharmacological blockers of potassium currents were used 
to isolate calcium currents as described previously (section 2.2). For clarity, a single 
stimulus protocol has been illustrated (Figure 3.1A), showing a holding potential of -
81 mV, the sinusoidal voltage command around the holding potential and a 
depolarising step to -11 mV. The maximal calcium current and corresponding 
change in membrane capacitance is observed at -11 mV and the responses of single 
IHCs from a control (black) and a DOC2B KO (grey) mouse are illustrated (Figure 
3.1B). The peak of the calcium current was measured for steps to different 
command voltages and averaged to generate an I-V curve for IHCs from control 
(black) and DOC2B KO (grey) mice (Figure 3.1C). The corresponding changes in 
membrane capacitance were measured by averaging 100 ms of the ΔCm response 
shortly after the end of the voltage step and averaged to generate a mean change 
in membrane capacitance for each of the command voltages (Figure 3.1D). There 
was no significant difference in either the maximal calcium current elicited by a 
depolarising voltage step to -11 mV, or the corresponding change in membrane 
capacitance between IHCs from control (ICa = -162.7 ± 21.7 pA; ΔCm = 25.5 ± 2.4 fF, 
n = 9) and DOC2B KO mice (ICa = -146.5 ± 7.1 pA; ΔCm = 26.9 ± 2.8 fF, n = 6), nor was 
a significant difference found in the I-V curves, or the corresponding changes in 
membrane capacitance using two-way ANOVA. 
3.2.3 Kinetics of exocytosis at the ribbon synapses of DOC2B KO mice: 
I have investigated the kinetics of exocytosis in IHCs from DOC2B KO mice to 
determine if DOC2B deletion affects the availability of vesicles for release at IHC 
ribbon synapses. IHCs held at -81 mV were depolarised with voltage steps to -11 mV 
for increasing durations (2 - 1500 ms). 
63 
 
Figure 3.1: Calcium currents and changes in membrane capacitance of IHCs from 
control and DOC2B KO mice in response to voltage steps. 
A) Example of the step protocol applied to IHCs. A sinusoidal stimulus (37 mV 
peak to peak at 4 kHz) was applied to cells at a holding potential of -81 mV, 
which was interrupted for 100 ms voltage steps in 10 mV increments (-11 
mV in the example).  
B) Example of the inward calcium current (top) and corresponding change in 
membrane capacitance (bottom) of an IHC from a control (black) and a 
DOC2B KO (grey) mouse in response to a 50 ms depolarising voltage step (to 
-11 mV). The recordings of IHCs from both control and DOC2B KO mice are 
produced by averaging two recordings from an individual IHC. 
C) Average peak of the calcium current elicited by applying 100ms voltage 
steps, in 10 mV increments, to IHCs from control (black, n = 9) and DOC2B 
KO (grey, n = 6) mice (P17 – P29). 
D) Average change in membrane capacitance of IHCs from control (black, n = 9) 
and DOC2B KO (grey, n = 6) mice (P17 – P29) in response to 100 ms voltage 
steps in 10 mV increments. 
No significant differences were observed in either the amplitude of the calcium 
current, or the change in membrane capacitance in response to voltage steps, of 
IHCs from control and DOC2B KO mice.  
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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In order to investigate possible differences in the availability of vesicles for release, 
the kinetics of exocytosis were tested by depolarising IHCs to -11 mV for increasing 
lengths of time. Short (2 – 100 ms) depolarising voltage steps were used to assess 
the release of the RRP of synaptic vesicles (Figure 3.2A), which are likely to be 
docked in the presynaptic active zone. Longer depolarising steps (100 – 1500 ms) 
were used to assess the availability of vesicles in the secondary releasable pool 
(SRP) for release (Figure 3.2). 
Short depolarising voltage steps elicit similar changes in membrane capacitance in 
IHCs from control and DOC2B KO mice (ΔCm = 19.1 ± 1.9 fF, n = 6; ΔCm = 16.7 ± 0.9 
fF, n = 7, respectively for 50 ms voltage steps) (Figure 3.2). No significant 
differences were identified between the responses by two-way ANOVA, suggesting 
normal numbers of synaptic vesicles are available for release from the RRP at 
auditory ribbon synapses of DOC2B KO mice.  
In response to longer depolarising voltage steps, IHCs from control mice show 
similar increases in membrane capacitance to IHCs from DOC2B KO mice (ΔCm = 
0.519 ± 0.240 pF, n = 6; ΔCm = 0.519 ± 0.351 pF, n = 6 respectively for 1 s voltage 
steps) (Figure 3.2). Two-way ANOVA revealed that there were no significant 
differences between the responses to longer depolarising steps, suggesting that 
recruitment, docking and priming of vesicles in the SRP is not affected by deletion 
of DOC2B. 
This suggests that DOC2B is not important for regulating the availability of vesicles 
for release at the presynaptic active zone of the auditory ribbon synapse. 
3.2.4 Vesicle pool replenishment in IHCs from DOC2B KO mice: 
It is possible that DOC2B is required for replenishment of vesicle pools during 
prolonged periods of stimulation. To test this; changes in membrane capacitance 
were monitored in IHCs held at -81 mV. Repetitive depolarising voltage steps to -11 
mV were applied to deplete the vesicle pools and the cumulative increase in 
membrane capacitance was assessed by averaging the change in membrane 
capacitance during the inter-step intervals. 
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Figure 3.2: Kinetics of exocytosis in IHCs from DOC2B KO mice. 
A) Average change in membrane capacitance of IHCs from control (black, n = 6) 
and DOC2B KO (grey, n = 7) mice (P17 – P29) in response to short (2 – 100 
ms) depolarising voltage steps to -11 mV from a holding potential of -81 mV.  
B) Average change in membrane capacitance of IHCs from control (black, n = 7) 
and DOC2B KO (grey, n = 6) mice (P17 – P29) in response to long (0.1 - 1.5 s) 
depolarising voltage steps to -11 mV from a holding potential of -81 mV.  
No significant differences were observed between the responses of IHCs from 
control and DOC2B KO mice to either short, or long depolarising steps. 
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Figure 3.3: Vesicle replenishment during repetitive depolarising voltage steps. 
A) Example of the first 0.5 s recording of a protocol used to test replenishment 
of the readily releasable pool of synaptic vesicles. Change in membrane 
capacitance (top) of an IHC from a control (black) and DOC2B KO (grey) 
mouse in response to repetitive 50 ms voltage steps to -11 mV with a 50 ms 
inter-step interval (bottom). A sinusoidal voltage command (37 mv peak to 
peak at 4 kHz) was applied to IHCs held at -81 mV and interrupted for 
voltage steps. The recordings displayed are individual recordings from a 
single IHC. 
B) Average cumulative increase in membrane capacitance of IHCs from control 
(black, n = 7) and DOC2B KO (grey, n = 10) mice (P17 – P29) in response to 
repetitive 50 ms depolarising voltage steps. 
C) Example of the first 6 s recording of a protocol used to test the 
replenishment of the secondary releasable pool of synaptic vesicles. Change 
in membrane capacitance (top) of an IHC from a control (black) and DOC2B 
KO (grey) mouse in response to repetitive 1 s voltage steps to -11 mV with a 
200 ms inter-step interval (bottom). A sinusoidal voltage command (37 mv 
peak to peak at 4 kHz) was applied to IHCs held at -81 mV and interrupted 
for voltage steps. The recordings displayed are individual recordings from a 
single IHC. 
D) Average cumulative increase in membrane capacitance of IHCs from control 
(black, n = 6) and DOC2B KO (grey, n = 8) mice (P17 – P29) in response to 
repetitive 1 s depolarising voltage steps. 
No significant differences were observed between the responses of IHCs from 
control and DOC2B KO mice to repetitive depolarisations, either for short (50 ms), 
or long (1 s) voltage steps. 
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To test the replenishment of the RRP, 50 ms depolarising steps with a 50 ms inter-
step interval were applied to IHCs from control and DOC2B KO mice. The 
cumulative change in membrane capacitance was measured after each 
depolarisation (Figure 3.3A). The cumulative increase in membrane capacitance was 
the same between IHCs from control and DOC2B KO mice (ΔCm = 647.4 ± 49.3 fF, n 
= 6; ΔCm = 645.4 ± 78.3 fF, n = 10 after 7.5 s, or 75 steps). This suggests that DOC2B 
is not required for refilling of the RRP during prolonged stimulation in IHCs from 
DOC2B KO mice. 
To determine if DOC2B is involved in replenishment of the SRP in IHCs, 1 s 
depolarising voltage steps were applied with a 200 ms inter-step interval. No 
significant differences were observed in the cumulative increase in membrane 
capacitance of IHCs from control and DOC2B KO mice (ΔCm = 1.64 ± 0.37 pF, n = 6; 
ΔCm = 1.72 ± 0.28 pF, n = 8 after 20.4 s, or 18 steps) (Figure 3.3), demonstrating 
that DOC2B is not required for replenishment of the SRP after repetitive depletions 
in IHCs. 
Taken together, these results demonstrate that DOC2B is not required for refilling 
of either the RRP or SRP at the auditory ribbon synapse, suggesting that DOC2B 
does not regulate the vesicle cycle in IHCs. 
3.2.5 Exocytosis from the ribbon synapse of immature IHCs: 
To explore a possible role for DOC2B in developing IHCs, we measured the peak 
calcium current and corresponding capacitance changes of IHCs from immature (P5 
– P8) DOC2B KO mice and littermate controls in response to 100 ms voltage steps in 
10mV increments. An example stimulus protocol of a depolarising voltage step to -
11 mV, whole cell membrane current and membrane capacitance recording is 
shown (Figure 3.4A+B). The peak calcium current responses and corresponding 
changes in membrane capacitance of eight IHCs from DOC2B KO mice and five 
littermate controls have been averaged and plotted against the command voltage 
(Figure 3.4C+D). IHCs from DOC2B KO mice have normal maximal calcium currents 
(ICa = -620.6 ± 55.2 pA n = 8) and corresponding capacitance changes (ΔCm = 40.0 ± 
3.3 fF, n = 8), compared to littermate controls (ICa = -608.6 ± 52.1 pA; ΔCm = 41.6 ±  
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Figure 3.4: Calcium currents and changes in membrane capacitance of IHCs from 
prehearing control and DOC2B KO mice in response to voltage steps. 
A) Example of the step protocol applied to IHCs. A sinusoidal stimulus (37 mV 
peak to peak at 4 kHz) was applied to cells at a holding potential of -81 mV, 
which was interrupted for 100 ms voltage steps in 10 mV increments (-11 
mV in the example).  
B) Example of a single recording of the inward calcium current (top) and 
corresponding change in membrane capacitance (bottom) from a single IHC 
from a control (black) and a DOC2B KO (grey) mouse in response to a 100 
ms depolarising voltage step (to -11 mV).  
C) Average peak of the calcium current elicited by applying 100 ms voltage 
steps, in 10 mV increments, to IHCs from prehearing control (black, n = 5) 
and DOC2B KO (grey, n = 8) mice (P5 – P7). 
D) Average change in membrane capacitance of IHCs from control (black, n = 5) 
and DOC2B KO (grey, n = 8) mice (P5 – P7) in response to 100 ms voltage 
steps in 10 mV increments. 
No significant differences were observed in either the amplitude of the calcium 
current, or the change in membrane capacitance in response to 100 ms voltage 
steps. 
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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7.6 fF, n = 5). Two way ANOVA was used to compare the overall responses of the 
IHCs from DOC2B KO mice and littermate controls and revealed no significant 
differences in either the IV curve, or corresponding changes in membrane 
capacitance.  
In the example shown, the kinetics of the calcium current appear different, 
specifically, the current in the recording from the IHC of a DOC2B KO mouse 
appears to inactivate faster. This difference is not consistent and is likely to be due 
to differences in the blockade of potassium channels leading to some 
contamination of the current recorded by potassium currents. 
3.3 Discussion: 
To understand how auditory stimuli can be conveyed to the CNS with such 
temporal precision and fidelity, it is vital to determine the molecules expressed at 
the ribbon synapse and their roles in regulating synaptic function, particularly with 
regard to calcium sensors that may regulate the vesicle cycle. The apparent 
ubiquitous expression of DOC2B (Kojima et al., 1996) and the high-affinity for 
calcium of double-C2 domain proteins (Ubach et al., 1999) made DOC2B an exciting 
candidate for a novel regulator of vesicle dynamics at the auditory ribbon synapse.  
I have shown that DOC2B is not required for exocytosis in IHCs. It is possible that 
other calcium sensing proteins expressed in IHCs mask any effects of DOC2B 
deletion on exocytosis. For example, it has been suggested that different ribbon 
synapses within an IHC have different calcium-sensitivities for exocytosis (Heil and 
Neubauer, 2010). If this is the case, different calcium-sensitive molecules may 
regulate the exocytotic process at each synapse, providing redundancy in the 
exocytotic machinery at the cellular level. 
While the above experiments do not rule out a role for DOC2B at IHC ribbon 
synapses, they strongly suggest that DOC2B is not involved in fast, synchronous 
exocytosis of synaptic vesicles, or replenishment of synaptic vesicle pools. However, 
it is possible that DOC2B is involved in other processes at the ribbon synapse, e.g. 
DOC2B has been suggested to be a calcium sensor for spontaneous vesicle fusion in 
purkinje cells (Groffen et al., 2010). At the ribbon synapse, spontaneous glutamate 
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release is likely to drive spontaneous activity in type I afferent fibres and DOC2B 
may mediate spontaneous fusion events at ribbon synapses. However there is 
limited evidence to suggest that DOC2B is a calcium sensor for vesicle fusion and 
ultimately neurotransmitter release. The bulk of the evidence for DOC2B’s role in 
exocytosis supports a role in vesicle replenishment and priming by other factors 
such as Munc13 (Pinheiro et al., 2013; Ramalingam et al., 2014).  
A recent investigation into vesicle priming at the ribbon synapse of auditory hair 
cells failed to detect all 4 known isoforms of Munc 13 (1-4) at the ribbon synapse of 
mature IHCs. Also, IHCs in organotypic cultures of the organ of Corti from mice 
lacking Munc13-1 and Munc13-2 displayed a normal exocytotic response to 
depolarising stimulus, suggesting vesicles at the ribbon synapse of IHCs do not 
undergo conventional Munc13 dependent priming (Vogl et al., 2015). These 
findings support our results that DOC2B is not required for normal function of the 
ribbon synapse of IHCs, as synapses lacking Munc13 are unlikely to require its 
scaffold protein DOC2B. The ability of IHCs lacking DOC2B to maintain a rapid 
supply of synaptic vesicles to replenish the vesicle pools during repetitive 
depolarisations further suggests that DOC2B does not regulate the vesicle cycle in 
IHCs.  
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4.1 Introduction: 
4.1.1 Endocytosis at the auditory ribbon synapse. 
Endocytosis is an essential cellular process that allows the internalisation of 
membrane proteins and external molecules. This is particularly true at synapses, 
where vesicular membranes and exocytotic machinery needs to be retrieved for 
synaptic vesicle recycling (Kononenko and Haucke, 2015). In IHCs, endocytosis has 
received little attention compared to exocytosis; however recent studies are 
beginning to shed light on the regulation of endocytosis at the auditory ribbon 
synapse.  
Two forms of endocytosis have been identified in IHCs maintained in-vitro (Neef et 
al., 2014): a slow linear endocytosis that occurs in response to short stimulations 
that trigger the release of relatively small numbers of synaptic vesicles, and rapid 
exponential endocytosis after longer stimulations that trigger the release of greater 
numbers of synaptic vesicles. After the rapid exponential endocytic response to 
large exocytotic events, a slow linear decline in membrane capacitance persists, 
likely to represent continuing CME. The slow linear component of endocytosis has 
been linked to clathrin-mediated endocytosis (CME) as inhibitors of dynamin and 
clathrin impair this component of the endocytic response (Neef et al., 2014). 
Dynamin inhibitors also reduce the rate of vesicle release in response to trains of 1 
s depolarising voltage steps, suggesting that CME is important for the 
replenishment of synaptic vesicles at ribbon synapses (Duncker et al., 2013). 
At central synapses, CME is regulated by the synaptojanin family of proteins; 
particularly synaptojanin 1 (SynJ1) (Cremona et al., 1999) and possibly synaptojanin 
2 (SynJ2) (Rusk et al., 2003), which appear to regulate the internalisation and 
uncoating of clathrin coated vesicles (discussed below). SynJ2 is expressed in 
mammalian auditory hair cells, while SynJ1 is expressed in SGNs (Manji et al., 2011); 
suggesting SynJ2 may be a regulator of CME at the ribbon synapses of auditory hair 
cells. Furthermore, mozart mice which are homozygous carriers of a point mutation 
in SynJ2 (N538K) show progressive hearing loss and hair cell death (Manji et al., 
2011), demonstrating a role for SynJ2 in maintenance of auditory hair cells. 
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4.1.2 Synaptojanins and their role in endocytosis. 
SynJ1 and SynJ2 are members of the inositol-5-phosphatase family of proteins, 
which remove phosphate groups from the 5’ position of phosphoinositides 
(McPherson et al., 1994; McPherson et al., 1996; Nemoto et al., 1997). SynJ1 and 
SynJ2 contain an N-terminal Sac1 and 5’phosphatase domain, with a proline-rich C-
terminus. While the Sac1 domain and 5’-phosphatase domains share 57.2% and 
53.8% homology, there is little homology in the proline-rich region, which may 
affect intracellular targeting. When SynJ1 and SynJ2 are expressed in Chinese 
hamster ovary cells, they can be separated into different fractions by centrifugation 
(Nemoto et al., 1997), supporting the idea that differences in the proline-rich region 
lead to differences in intracellular targeting. The Sac1-like domain is capable of 
directly hydrolysing phosphatidylinositol-phosphates into phosphatidylinositol (PI) 
(Guo et al., 1999). 
Phosphoinositides are lipid membrane molecules produced by phosphorylation of 
the inositol head group of phosphatidylinositol (PI) (Figure 4.1). PI’s have diverse 
roles in membrane identity, membrane trafficking and intracellular signalling (Di 
Paolo and De Camilli, 2006; Balla, 2013; Billcliff and Lowe, 2014). The 5’ 
phosphatase domains of SynJ1 and SynJ2 show selective activity towards certain 
phosphoinositides, dependent on the phosphorylation state of the inositol ring. For 
example, the 5’-phosphatase domains of SynJ1 and SynJ2 show stronger activity 
towards phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) than 
phosphatidylinositol-3,4,5-trisphosphate PI(3,4,5)P3. There are also differences in 
their activity; the 5’phosphatase domain of SynJ1 is capable of dephosphorylating 
the soluble inositol-phosphates, while that of SynJ2 is not (Schmid et al., 2004). 
SynJ1 has been localised to clathrin-coated synaptic vesicles (Haffner et al., 1997) 
and SynJ1 deficient mice die shortly after birth with an accumulation of clathrin-
coated vesicles in nerve terminals (Cremona et al., 1999). Although these findings 
suggest that SynJ1 is involved in the uncoating of clathrin-coated vesicles, later 
work has shown that SynJ1 activity is also required for the fission of clathrin coated 
vesicles at the plasma membrane (Mani et al., 2007). SynJ2 has been shown 
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Figure 4.1: Structure of phosphatidylinositol and phosphatidylinositol-
phosphates. 
A) The basic structure of phosphatidylinositol; an inositol ring (Arrow), 
connected to a lipid chain by a phosphate group at position 1 on the inositol 
ring (Thuronyi, 2010). 
B) Phosphorylation of the inositol ring (left) on phosphatidyl produces a 
phosphatidyl-inositol-phosphate. The number of phosphate groups and 
their positions on the inositol rings is used to name the molecule (i.e. 
phosphatidylinositol-4,5-bisphosphate has two additional phosphate groups 
on the 4th and 5th positions of the inositol ring)(Yikrazuul, 2010). 
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to function at an early stage of endocytosis in a lung carcinoma cell-line, where 
SiRNA knockdown of SynJ2 reduces the number of clathrin-coated pits and vesicles, 
an effect that could be rescued by expression of SynJ2, but not SynJ1 (Rusk et al., 
2003).  
Regulation of the phosphorylation state of phosphoinositides by phosphatidyl-
inositol kinases and synaptojanins appears to be a key signalling factor in CME, 
possibly starting with accumulation of PI(4,5)P2 leading to clathrin-coated pit 
formation and invagination of the plasma membrane. Membrane curvature or 
clathrin adaptor molecules may be important for recruitment of endophilin and 
synaptojanins. Subsequently, the hydrolysis PI(4,5)P2 to PI(4)P by synaptojanin, 
appears to be crucial for membrane fission and the budding of clathrin-coated 
vesicles. SynJ1 also appears to have a secondary role in removal of the clathrin coat 
from internalised vesicles. As most of the studies on synaptojanins role in CME have 
focused on SynJ1, it is currently unclear if SynJ2 plays the same roles in membrane 
fission and vesicle uncoating as SynJ1. 
4.1.3 Synaptojanins at ribbon synapses. 
Photoreceptor ribbon synapses. 
The importance of SynJ1 in endocytosis at ribbon synapses was first identified in 
zebrafish photoreceptors. The nrc mutant zebrafish shows a loss of ribbon 
anchoring and impaired synaptic transmission at photoreceptor ribbon synapses 
(Allwardt et al., 2001; Van Epps et al., 2001). This is due to a premature stop codon 
in the SynJ1 gene and knockdown of SynJ1 phenocopies the nrc mutant (Van Epps 
et al., 2004). 
At ribbon synapses of photoreceptors in the mouse retina, two forms of 
endocytosis have been described by their appearance in electron micrographs. In 
both light adapted (low activity) and dark adapted (high activity) retina, clathrin 
coated pits and vesicles are present, while in the dark adapted retina, a second type 
of structure becomes apparent, consisting of large interconnected electron-dense 
vesicles (Fuchs et al., 2014). This was suggested to be a compensatory mechanism 
for reclaiming vesicular components after prolonged periods of synaptic activity, 
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reminiscent of the formation of bulk endosomes described at IHC ribbon synapses 
(Neef et al., 2014). These larger structures were shown to be devoid of clathrin, but 
co-localised with SynJ1, endophilin and dynamin3 (Fuchs et al., 2014). The presence 
of SynJ1 in these endosomal-like structures at photoreceptor ribbon synapses 
suggests a requirement for inositol-phosphatase activity in the formation of bulk 
endosomes at photoreceptor ribbon synapses. 
Hair cell ribbon synapses. 
The comet mutant zebrafish carries a premature stop codon in SynJ1 and was 
identified by ENU-mutagenesis screens for balance defects that indicate vestibular 
dysfunction. SynJ1 was localised to hair cells of the lateral line and inner ear of the 
zebrafish. Increased numbers of coated vesicles were observed near the ribbon 
synapses of hair cells in the comet mutant zebrafish, (Trapani et al., 2009). This 
suggests that SynJ1 is important for CME in zebrafish hair cells.  
There is limited evidence for the role of synaptojanins in mammalian auditory hair 
cells, however it has been shown that SynJ2 is expressed in the sensory epithelium 
of the organ of Corti, while SynJ1 is expressed in the spiral ganglion neurons. This 
combined with progressive hearing loss and hair cell degeneration in the mozart 
mutant mouse suggesting that SynJ2 could be responsible for regulating 
endocytosis in IHCs (Manji et al., 2011). 
4.1.4 Investigating the role of SynJ2 at the ribbon synapse of mouse auditory hair 
cells. 
I have investigated the role of SynJ2 at IHC ribbon synapses using electrophysiology. 
Mice deficient for SynJ2 were created at the Wellcome Trust Sanger institute by 
Professor Karen Steel; these mice show progressive high frequency hearing loss 
starting at 4 weeks old (unpublished data). Changes in membrane capacitance have 
been monitored to investigate exocytosis, endocytosis and vesicle replenishment in 
IHCs from SynJ2 KO mice. To further investigate the membrane physiology of IHCs 
from SynJ2 KO mice, measurements of membrane potential, voltage responses and 
membrane currents have also been carried out.  
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All experiments have been carried out on mature (P16-P45) IHCs in the mid-high 
frequency region (approximately 20-40 kHz) of the cochleae from control (SynJ2+/+ 
and SynJ2+/-) and SynJ2 KO (SynJ2 -/-) mice. The results of hearing tests from SynJ2 
+/- mice show no significant differences to those from wild-type mice (unpublished 
data) and electrophysiological recordings of IHCs from SynJ2+/- mice were 
compared to recordings from wild-type mice before pooling results. 
4.2 Results: 
4.2.1 Electrical properties of IHCs from control SynJ2 KO mice. 
IHCs from control and SynJ2 KO mice were held in the patch-clamp configuration  
for recording changes in membrane capacitance in near physiological conditions 
(1.3 mM Ca2+ at 37˚C), at a potential of -81 mV. In these conditions, no significant 
differences were observed between the electrical properties of the membranes of 
IHCs from control and SynJ2 KO mice (Table 4.1). 
Table 4.1: The electrical properties of IHCs from control and SynJ2 KO mice in the 
whole-cell patch-clamp configuration for recording calcium currents and changes 
in membrane capacitance. 
Genotype Rs (MΩ) Cm (pF) Ih at -81 mV (pA) Rm (MΩ) gL (nS) N 
control 5.8 ± 0.2 7.7 ± 0.3 -20.3 ± 6.7  1628 ± 132 0.7 ± 0.1 22 
KO 6.1 ± 0.2 7.4 ± 0.2 -11.5 ± 1.3  1603 ± 42 0.6 ± 0.0 27 
 
In a subset of experiments presented later in this chapter (section 4.2.6), IHCs from 
control and SynJ2 KO mice were held in the patch-clamp configuration for recording 
voltage responses and potassium currents (described in section 4.2), notably they 
were maintained at room temperature (20 – 22˚C) and a potassium based 
intracellular solution (K-ICS, section 2.2) was used. No significant differences were 
observed between the electrical properties of IHCs from control and SynJ2 KO mice 
were observed in these conditions (Table 4.2). 
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Table 4.2: Electrical properties of IHCs from control and SynJ2 KO mice in the 
whole-cell patch-clamp configuration for recording potassium currents and 
voltage responses. 
Genotype Rs (MΩ) Rs after 80% 
compensation 
(MΩ) 
Cm (pF) Ih at-84 mV 
(pA) 
Rm (MΩ) gL (nS) n 
control 6.4 ± 0.2 1.29 ± 0.05 7.5 ± 0.5 -43.3 ± 5.2  1293 ± 90 0.8 ± 0.1 8 
KO 7.2 ± 0.4 1.43 ± 0.07 8.4 ± 0.7 -61.3 ± 11.5  1969 ± 666 0.9 ± 0.2 8 
4.2.2 Vesicle release at the ribbon synapse of IHCs from SynJ2 KO mice. 
Presynaptic function in IHCs from adult (P18 – 23) SynJ2 KO mice was investigated 
using a series of 50 ms voltage steps to depolarizing command voltages. Calcium 
currents and corresponding capacitance changes were recorded as described 
previously (Section 2.3). The maximal amplitude of the calcium current elicited by a 
voltage step which depolarised IHCs to -11 mV was similar between IHCs from 
control (ICa = -150.6 ± 4.6 pA, n = 6) and those from SynJ2 KO (ICa = -140.8 ± 7.6 pA, 
n = 11) mice. The corresponding change in membrane capacitance was also not 
significantly different between IHCs from control (ΔCm = 14.9 ± 1.4 fF, n = 9) and 
SynJ2 KO (ΔCm = 17.2 ± 1.5 fF, n = 11) mice (Figure 4.2). This shows that exocytosis 
is normal in IHCs from SynJ2 KO mice, demonstrating that SynJ2 is not required for 
normal function of the exocytotic machinery at auditory ribbon synapses. This 
supports evidence from hippocampal neurons of SynJ1 KO mice that shows synaptic 
activity is only impaired during prolonged periods of high-frequency stimulation 
(Cremona et al., 1999). 
4.2.3 Clathrin-mediated endocytosis in SynJ2 deficient IHCs. 
To monitor slow CME, a 100 ms depolarising voltage step to -11mV was applied to 
the IHCs from P17 – P27 mice to generate a robust exocytotic response (Control = 
38.5 ± 7.6 fF, n = 6; KO = 36.6 ± 8.8 fF, n = 7). Following the voltage step, changes in 
membrane capacitance were recorded for 30 s to monitor the reuptake of vesicular 
membranes from the presynaptic membranes.  
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Figure 4.2: Calcium currents and changes in membrane capacitance of IHCs from 
control and SynJ2 KO mice in response to voltage steps. 
A) Example of the step protocol applied to IHCs. A sinusoidal stimulus (37 mV 
peak to peak at 4 kHz) was applied to cells at a holding potential of -81 mV, 
which was interrupted for 50 ms voltage steps in 10 mV increments (-11 mV 
in the example).  
B) Example of the inward calcium current (top) and corresponding change in 
membrane capacitance (bottom) of an IHC from a control (black) and a 
SynJ2 KO (grey) mouse in response to a 50 ms depolarising voltage step (to -
11 mV). The recording of an IHC from a control mouse is a single recording 
from an individual cell and the recordings from the IHC from a SynJ2 KO 
mouse is the averaged trace from two recordings of an individual cell. 
C) Average peak of the calcium current elicited by applying 50 ms voltage 
steps, in 10 mV increments, to IHCs from control (black, n = 11) and SynJ2 
KO (grey, n = 9) mice (P17 – P27). 
D) Average change in membrane capacitance of IHCs from control (black, n = 
11) and SynJ2 KO (grey, n = 9) mice (P17 – P27) in response to 50 ms voltage 
steps in 10 mV increments. 
No significant differences were observed in either the amplitude of the calcium 
current, or the change in membrane capacitance in response to voltage steps, of 
IHCs from control and SynJ2 KO mice. 
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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In control IHCs and those from DOC2B KO mice, a slow decrease in membrane 
capacitance could be recorded (Figure 4.3). This appeared similar to the previous 
studies on endocytosis (Moser and Beutner, 2000; Neef et al., 2014) and could be 
approximated with a linear fit, using a linear equation: 
y = - ax + b 
where a = the slope of the membrane capacitance recording and b = the y 
intercept. The linear fit was applied to the data between the start of the decrease in 
membrane capacitance and the time that the capacitance trace returned to 
baseline. 
After returning to baseline capacitance levels, the decline in Cm continued below 
prestimulus levels, (Figure 4.3B). A similar “overshoot” can be seen in the published 
studies of endocytosis in IHCs (Neef et al., 2014), however no explanation has been 
proposed. It is possibly an artefact of holding the IHC at a hyperpolarised potential, 
preventing the fusion of further vesicles and addition of their membranes to the 
IHC membrane to maintain a balance. In-vivo, it is likely that spontaneous fusion of 
synaptic vesicles and CME would be balanced to allow efficient recycling of vesicle 
membranes, a balance that may be disrupted in-vitro. 
While the results presented here show a similar decline in membrane capacitance 
as the previously published data, there is one major difference, I observed a higher 
rate of membrane uptake 5.2 ± 1.0 fF s-1 than the published 1.3 ± 0.2 fF s-1 (Neef et 
al., 2014). However, we have carried out our recordings at a physiological 
temperature (35 – 37 oC), rather than room temperature and it seems likely that 
this has accelerated the process of membrane reuptake. 
The rate of decline in membrane capacitance and the time taken to return to 
baseline was quantified for IHCs from control (5.15 ± 1.03 fF s-1; 8.56 ± 1.17 s, 
respectively, n = 6) and SynJ2 KO (5.42 ± 0.77 fF s-1; 7.68 ± 0.81 s, respectively, n = 
7) mice. No significant differences in the endocytic response to small exocytotic 
events were revealed between control IHCs and those from SynJ2 KO mice. This 
result suggests that SynJ2 is not required for the reuptake of presynaptic 
membranes by CME in IHCs.  
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Figure 4.3: IHCs from SynJ2 KO mice display normal, slow linear reuptake of plasma membrane in response to small exocytotic events 
elicited by short depolarising voltage steps. 
A) Stimulus protocol for monitoring endocytosis following small exocytotic events. A sinusoidal voltage command (37 mV peak to peak at 
4 kHz) was applied around a holding potential of -81 mV. This was interrupted for a 100 ms voltage step to -11 mV, before monitoring 
changes in membrane capacitance for 12 s following the step. 
B) Averaged recordings of membrane capacitance changes of IHCs from control (black, n = 6) and SynJ2 KO (grey, n = 7) to the stimulus 
outlined in A). A linear fit (white line) has been applied to the averaged responses of control IHCs as an example of the fit carried out on 
individual IHCs. The start of the capacitance response following the voltage step (arrow) was used to determine the time taken for the 
capacitance of the IHC to return to prestimulus levels. 
C) The average rate of decline in membrane capacitance of IHCs from control (black, n = 6) and SynJ2 KO (grey, n = 7) mice (P17 – P27), 
determined from the linear fit. 
D) The average time taken for the membrane capacitance of IHCs from control (black, n = 6) and SynJ2 KO (grey, n = 7) to return to 
prestimulus levels.  
No significant differences were observed in either the rate of membrane reuptake, or the time taken for the membrane capacitance to return 
to prestimulus levels 
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4.2.4 The endocytic response to large exocytotic events. 
Exponential endocytosis. 
To monitor the fast, exponential component of endocytosis, IHCs were depolarised 
to -11 mV for 1 s to trigger the fusion of large numbers of synaptic vesicles and a 
large increase in the membrane capacitance (100’s fF). Following this, a rapid, 
exponential decrease in membrane capacitance was observed in IHCs from control 
and SynJ2 KO mice (Figure 4.4). After 1 second depolarising voltage steps, the 
increase in membrane capacitance was similar between IHCs from adult (P17 – 27) 
control (ΔCm = 282.5 ± 41.4 fF, n = 5) and SynJ2 KO (ΔCm = 329.1 ± 68.7 fF, n = 6) 
mice. To quantify both portions of the endocytic response to large exocytotic 
events, each recording was fitted with an equation comprised of an exponential 
equation and a linear equation: 
𝑦 = 𝑐𝑒−𝑥/𝜏 + 𝑑 − 𝑎𝑎 
where c = the amplitude of the exponential component, τ = the time constant of the 
exponential decrease in membrane capacitance, d = the integration constant for 
the equation, and a = the rate of linear decrease in membrane capacitance. 
No significant differences were observed in either the amplitude, or rate constant 
of the exponential component of endocytosis in endocytosis in IHCs from control (c 
= 171.8 ± 37.3 fF; τ = 0.48 ± 0.04 s; n = 5) and SynJ2 KO (c = 214.7 ± 42.9 fF; τ = 0.60 
± 0.27; n = 5) mice, suggesting SynJ2 is not required for bulk endocytosis in IHCs. 
CME after exponential endocytic events. 
Following the exponential component of the endocytic response to large exocytotic 
events, a slow linear decrease in membrane capacitance persists, which is likely to 
represent CME (Neef et al., 2014). To confirm this is the case, we compared the 
rates of decline in membrane capacitance in control IHCs. This revealed that the 
rate of membrane reuptake was similar during the linear portion of the endocytic 
response to large exocytotic events (6.71 ± 1.84 fF s-1, n = 5) as the endocytic 
response to small exocytotic events (5.15 ± 1.03 fF s-1, n = 6), suggesting the 
mechanism controlling the linear decline in membrane capacitance is the same. 
90 
 
Figure 4.4: IHCs from SynJ2 KO mice display normal endocytic responses to large exocytotic events stimulated by long depolarisations of the 
IHC. 
A) Stimulus protocol for monitoring endocytosis following large exocytotic events. A sinusoidal voltage command (37 mV peak to peak at 4 
kHz) was applied around a holding potential of -81 mV. This was interrupted for a 1 s voltage step to -11 mV, before monitoring 
changes in membrane capacitance for 30 s following the step (12 s shown in the example). 
B) Averaged recordings of membrane capacitance changes of IHCs from control (black, n = 5) and SynJ2 KO (grey, n = 5) to the stimulus 
outlined in A). An example of the exponential + linear fit applied to each of the recordings has been carried out on the control trace 
(white line). 
C)  Average increase in membrane capacitance (ΔCm) stimulated by the depolarising step. 
D) Amplitude of the exponential component of the endocytic response to large exocytotic events of IHCs from control (black, n = 5) and 
SynJ2 KO (grey, n = 5) mice, estimated using the equation described (Page 86) 
E) The time constant of the exponential equation (Page 86) used to fit the initial rapid decrease in membrane capacitance of IHCs from 
control (black, n = 5) and SynJ2 KO (grey, n = 5) mice, following large exocytotic events. 
F) The average rate of decrease in membrane capacitance of the linear portion of the endocytic response of IHCs from control (black, n = 
5) and SynJ2 KO (grey, n = 5) mice. 
No significant differences were observed in the endocytic responses observed after long depolarising voltage steps were used to stimulate 
large exocytotic events between IHCs from control and SynJ2 KO mice. 
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The linear rate of decline in Cm observed after the exponential component of the 
endocytic response to large exocytotic events was not significantly different 
between IHCs from control (6.71 ± 1.84 fF s-1, n = 5) and those from SynJ2 KO (7.07 
± 2.63 fF s-1, n = 5) mice. 
Taken together, the results presented above suggest that SynJ2 is not required for 
the reuptake of vesicular membranes and components following exocytotic events 
at the ribbon synapse of IHCs. 
4.2.5 Vesicle replenishment at the ribbon synapse of IHCs from SynJ2 KO mice. 
Hippocampal neurons from SynJ1 KO mice show enhanced synaptic depression 
during high-frequency stimulation (Cremona et al., 1999). The loss of SynJ1 is 
thought to lead to impaired vesicle recycling and a failure to replenish the vesicle 
pools during high-frequency stimulation. As described previously (Duncker et al., 
2013), dynamin inhibitors that prevent CME lead to a reduction in the exocytotic 
response to repetitive 1 s step depolarisations. To determine if SynJ2 is important 
for synaptic vesicle recycling in IHCs, repetitive depolarising voltage steps were 
used to deplete the vesicle pools. 
To test the replenishment of the readily releasable pool of vesicles, a train of 50 ms 
depolarising voltage steps to -11 mV with an inter-step interval of 50 ms was 
applied to IHCs from adult (P18 – 25) control and SynJ2 KO mice. After 7.5 s (or 75 
voltage steps), the cumulative increase in membrane capacitance was found to be 
similar for IHCs from control mice (830.8 ± 129.8 fF, n = 8) and those from SynJ2 KO 
mice (898.8 ± 76.6 fF, n = 11) (Figure 4.5A). This demonstrates that in the absence 
of SynJ2, IHCs are able to replenish the RRP effectively. 
To determine if the lack of SynJ2 affects the ability of IHCs to replenish the SRP, 
IHCs were held at -81 mV and repetitively depolarised to -11 mV for 1 s voltage 
steps, with a 200 ms inter-step interval. The cumulative increase in membrane 
capacitance was monitored between steps and no significant differences were 
observed in the cumulative increase in membrane capacitance of IHCs from control 
(2.13 ± 0.10 pF, n = 6) and SynJ2 KO (2.17 ± 0.24 pF, n = 10) mice after 20.4 s, or 18 
voltage steps (Figure 4.5B). Indicating normal replenishment of the SRP in IHCs from 
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Figure 4.5: Vesicle replenishment during repetitive depolarising voltage steps. 
A) Example of the first 0.5 s recording of a protocol used to test replenishment 
of the readily releasable pool of synaptic vesicles. Change in membrane 
capacitance (top) of an IHC from a control (black) and SynJ2 KO (grey) 
mouse in response to repetitive 50 ms voltage steps to -11 mV with a 50 ms 
inter-step interval (bottom). A sinusoidal voltage command (37 mv peak to 
peak at 4 kHz) was applied to IHCs held at -81 mV and interrupted for 
voltage steps. The recordings displayed are individual recordings from a 
single IHC. 
B) Average cumulative increase in membrane capacitance of IHCs from control 
(black, n = 8) and SynJ2 KO (grey, n = 11) in response to repetitive 50 ms 
depolarising voltage steps. 
C) Example of the first 6 s recording of a protocol used to test the 
replenishment of the secondary releasable pool of synaptic vesicles. Change 
in membrane capacitance (top) of an IHC from a control (black) and SynJ2 
KO (grey) mouse in response to repetitive 1 s voltage steps to -11 mV with a 
200 ms inter-step interval (bottom). A sinusoidal voltage command (37 mv 
peak to peak at 4 kHz) was applied to IHCs held at -81 mV and interrupted 
for voltage steps. The recordings displayed are individual recordings from a 
single IHC. 
D) Average cumulative increase in membrane capacitance of IHCs from control 
(black, n = 6) and SynJ2 KO (grey, n = 10) mice (P17 – P27) in response to 
repetitive 1 s depolarising voltage steps. 
No significant differences were observed between the responses of IHCs from 
control and SynJ2 KO mice to repetitive depolarisations, either for short (50 ms), 
or long (1 s) voltage steps. 
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SynJ2 KO mice, this indirectly suggests that SynJ2 is not involved in synaptic vesicle 
recycling in IHCs, as recycling appears to be important for replenishment of the SRP 
(Duncker et al., 2013).  
4.2.6 IHCs from SynJ2 KO mice exhibit normal responses to current injections and 
voltage steps. 
To determine any possible role for SynJ2 in the general function and/or 
development of IHCs, current clamp and voltage clamp protocols were used to 
assess their voltage and current responses, respectively. These experiments were 
carried out at room temperature using a potassium chloride based intracellular 
solution, as described in section 2.4. 
Current clamp was used to hold IHCs at the resting membrane potential and apply a 
series of current steps in 100 pA increments from -100 pA to +900 pA (Figure 4.6). 
The resting membrane potential of the IHCs was quantified by averaging the 
voltage of the IHC before current injection. The resting membrane potential of 
control IHCs (-76.1 ± 0.5, n = 6) is not different to the resting membrane potential of 
IHCs from SynJ2 KO mice (-74.0 ± 0.4 mV, n = 6). The average steady state voltage 
response was quantified as the mean voltage over the last 25 ms of each current 
injection. No significant differences were observed in the voltage responses of IHCs 
from control and SynJ2 KO mice to current injections.  
To assess the current profiles of IHCs from SynJ2 KO mice, cells were held at -84 
mV, before applying hyperpolarising and depolarising 170 ms voltage steps in 10 
mV increments, starting from -124 mV. This stimulus protocol elicits small inward 
currents in response to hyperpolarising voltage steps and very large outward 
currents in response to depolarising steps. The outward current response to 
depolarising command voltages is a combination of two currents expressed in 
mature IHCs; the large conductance Ca2+ activated K+ current Ik,f and the slow 
delayed rectifier current IK,s (Marcotti et al., 2003a). To assess the overall current 
responses of IHCs to voltage steps, the current response was averaged over 20 ms 
at the end of the command voltage, the “steady state” current (Figure 4.7). No 
significant differences were observed in the steady state current responses of IHCs  
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Figure 4.6: Mature IHCs from SynJ2 KO mice show normal voltage responses to 
current injection. 
A) Current clamp electrophysiology was used to monitor the voltage responses 
of IHCs from control and SynJ2 KO mice. IHCs were clamped at the resting 
membrane potential before application of 250 ms hyperpolarising and 
depolarising current injections in 100 pA increments  
B) Voltage response of an IHC from control (black, top) and SynJ2 KO (grey, 
bottom) mice.  
C) Average steady state voltage responses of IHCs from control (black, n = 6) 
and SynJ2 KO (grey, n = 6) mice (P18 – P45) to current injections in 100 pA 
increments. Measured as the mean voltage over the last 25 ms of the 
current injection 
The average resting membrane potential of control IHCs (75.4 ± 0.66 mV, n = 6) was 
not different from IHCs from SynJ2 KO mice (-73.2 ± 1.11 mV, n = 6). No significant 
difference was detected between the voltage responses to current injections of 
IHCs from control or SynJ2 KO mice. 
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Figure 4.7: IHCs lacking SynJ2 show normal current profiles in response to voltage 
steps. 
A) Stimulus protocol used to elicit current responses from IHCs of adult mice 
(P18 – P45). IHCs were held at -84 mV, hyperpolarising and depolarising 
voltage steps were applied in 10 mV increments for 170 ms (top panel).  
B) Current responses of single IHCs from a control (black) and SynJ2 KO (grey) 
mouse to the stimulus protocol in A). The recordings displayed are the 
averaged traces from two recordings from an individual cell. 
C) Average amplitude of the steady state current response to voltage steps of 
IHCs from control (black, n = 6) and SynJ2 KO (grey, n = 8) mice. The average 
current was measured over 20 ms at the end of the voltage step  
D) Average current response of IHCs from control (black, n = 6) and SynJ2 KO 
(grey, n = 8) mice, measured 2 ms after the onset of the voltage step as a 
measure of the rapidly activating large-conductance Ca2+ activated 
potassium current, IK,f. 
No significant difference was observed in the amplitude of either the steady state 
current, or onset current responses between IHCs from control and SynJ2 KO mice. 
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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from control and SynJ2 KO mice. The current response to depolarising voltage steps 
could be used to estimate IK,f, as the BK channels that carry the current activate 
rapidly (Kros et al., 1998), before the IK,s. To estimate the amplitude of IK,f, the 
current response to the different voltage steps was measured 2 ms after the onset 
of the command voltage, the “onset” current (Figure 4.7). No significant differences 
were observed between the onset current responses of IHCs from control and 
SynJ2 KO mice.  
Another potassium current expressed in mature IHCs is the negatively activating, 
delayed rectifier current (IK,n) (Marcotti et al., 2003a). IK,n is carried by KCNQ4 
channels, which are rapidly deactivating and have a high open probability near the 
resting membrane potential. To record IK,n, IHCs were held at -64 mV to prevent 
deactivation of KCNQ4 channels at more negative potentials, then hyperpolarising 
voltage steps were applied in 10 mv decrements starting at -64 mV (Figure 4.8). This 
changed the driving force for potassium ions, leading to deactivating inward 
currents after the start of the voltage step IK,n (Figure 4.8). No significant 
differences were observed in the current responses of IHCs to hyperpolarising 
voltage steps in these conditions. 
After the hyperpolarising voltage step, the holding potential was set to -124 mV for 
170 ms to assess the activation of KCNQ4 channels. This provided a large inward 
driving force for potassium ions that lead to an inward current with amplitude 
proportional to the number of KCNQ4 channels open at the end of the preceding 
voltage step. The difference between the amplitude of the current at the start of 
the new holding potential (-124 mV) and the steady state current at the end of the 
preceding voltage step was calculated and used to generate an activation curve 
(Figure 4.8D). This shows that the maximal inward current was observed when the 
preceding voltage step was near the resting membrane potential and the open 
probability of KCNQ4 channels is high (Marcotti et al., 2003a). No significant 
differences were observed in the activation curves for IK,n of IHCs from control and 
SynJ2 KO mice. 
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Figure 4.8: IHCs lacking SynJ2 display normal current profiles of the mature 
delayed rectifier current IK,n. 
A) Stimulus protocol used to elicit the negatively activating inward rectifier 
current IK,n in IHCs from adult mice. IHCs were held at -64 mV and current 
elicited by applying a series of 170 ms hyperpolarising voltage steps in 10 
mV decrements, before holding at -124 mV for 170 ms (P18 – P45).  
B) Example response of individual IHCs from control (black, top), and SynJ2 KO 
(grey, bottom) mice. The IK,n current is the deactivating current visible at the 
start of hyperpolarising voltage steps. The recordings displayed are the 
averaged products of two recordings from an individual cell. 
C) Average amplitude of the inward current measured immediately after the 
onset of the command voltage (solid arrowheads) in IHCs from control 
(black, n = 6) and SynJ2 KO (grey, n = 8) mice. 
D) Activation curve for IK,n in IHCs from control (black, n = 6) and SynJ2 KO 
(grey, n = 8) mice. Values obtained by subtracting the holding current 
(control Ih = 147.4 pA; SynJ2 KO Ih = -133.0 pA) at -124 mV from the 
amplitude of the current immediately after hyperpolarising the IHC to -124 
mV (hollow arrowheads). 
No significant difference was observed between the amplitude, or activation of IK,n  
in IHCs from control and SynJ2 KO mice.  
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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The lack of a significant difference in either the voltage responses to current 
injections, or current responses to voltage commands, coupled with the normal ICa 
shown earlier indicates IHCs from SynJ2 KO mice express a normal cohort of ion 
channels in their plasma membrane. 
4.3 Discussion: 
SynJ2 has been shown to be expressed in IHCs and OHCs in the mouse cochlea and 
mice homozygous for the mozart mutation in SynJ2, show progressive hearing loss 
and hair cell death (Manji et al., 2011). This point mutation results in the 
substitution of an asparagine residue for a lysine residue in the 5’-phosphatase 
domain of SynJ2, which abolishes its 5’-phosphatase activity (Manji et al., 2011), 
suggesting that it is the loss of this activity that leads to hair cell death. SynJ2 has 
been shown to be important for the formation of clathrin-coated pits in a lung 
carcinoma cell-line (Rusk et al., 2003). Therefore SynJ2 was considered likely to be a 
novel regulator of CME and/or vesicle recycling at the presynaptic active zone of 
auditory hair cells. 
SynJ2 is dispensable for endocytosis in neurones. 
The importance of SynJ1 for CME and synaptic vesicle recycling at the synapses of 
central neurones is well established, notably the enhanced synaptic depression 
during high-frequency stimulation of hippocampal neurons from SynJ1 KO mice 
(Cremona et al., 1999), and maintaining temporal fidelity of synaptic transmission 
at the zebrafish hair cell ribbon synapse (Trapani et al., 2009). The role of SynJ2 is 
less well established, although similarities in the structure and activity of the 5’-
phosphatase and Sac1 domains suggest they have similar roles in regulating the 
phosphorylation of phosphatidylinositols, despite differences in subcellular 
localisation (Nemoto, 1997). 
SynJ2 has been shown to be important for an early stage of CME in a lung 
carcinoma cell-line, where SiRNA knockdown led to a reduction in the number of 
clathrin coated pits(Rusk et al., 2003). This implicates SynJ2 in CME and the authors 
suggest SynJ2 is important for a distinct step in CME, i.e. clathrin-coated pit 
formation, while SynJ1 is important for a later step in CME, such as clathrin 
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uncoating. However, SynJ1 appears to be expressed throughout the CNS, while 
SynJ2 expression seems to be restricted to certain structures in the brain, including 
the anterior olfactory cortex and the hippocampal CA1 and CA3 regions (Kudo et al., 
1999). Therefore SynJ2 seems dispensable for endocytosis in some neurons. 
SynJ2 does not regulate endocytosis at the auditory ribbon synapse. 
We have shown that exocytosis and endocytosis is normal in IHCs from SynJ2 KO 
mice, demonstrating that SynJ2 is not a regulator of the vesicle cycle at the auditory 
ribbon synapse. It is possible that SynJ2 is a regulator of endocytosis in non-synaptic 
regions of IHCs, e.g. at the apical pole, where vesicle internalisation has been 
observed in bullfrog hair cells and mammalian IHCs (Kachar et al., 1997; Griesinger 
et al., 2002). However, apical pole endocytosis has been shown to contribute to the 
pools of synaptic vesicles (Griesinger et al., 2002) and defects in this process would 
be expected to reduce the ability of IHCs to replenish the vesicle pools. 
SynJ2 could also have a role in the sorting of internalised cargo in IHCs. In zebrafish 
with mutations in SynJ1, large vesicular structures accumulate in the inner segment 
of photoreceptors, associated with mislocalised synaptic proteins (George et al., 
2014). This implicates SynJ1 in the sorting of internalised synaptic proteins, possibly 
at the late endosome stage and SynJ2 may have a similar role in IHCs. 
SynJ2 may be expressed in non-sensory cells in the organ of Corti. 
SynJ2 expression in the sensory epithelium of the organ of Corti has been shown by 
in-situ hybridisation in the cochleae of 4 week old mice, with the strongest 
expression observed in the sensory hair cell region (Manji et al., 2011). This 
suggested that SynJ2 is expressed in the sensory hair cells, however, due to the low 
resolution of the equipment and staining techniques used, it is possible that SynJ2 
is in fact expressed in non-sensory cells in the cochlea. The Phalangeal cells and 
Deiters cells, which are located between the basilar membrane and IHCs and OHCs 
respectively, are the most likely cells to express SynJ2 other than the sensory hair 
cells. Phalangeal cells release neurotrophic factors that have been shown to 
promote synaptogenesis and hair cell survival in the cultured organ of Corti 
(Sobkowicz et al., 2002). The loss of SynJ2 may affect the release of neurotrophic 
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factors from phalangeal and Deiters cells in the adult cochlea, leading to the loss of 
the sensory hair cells. 
Conclusion: 
While the 5’-phosphatase activity of SynJ2 is important for the survival of auditory 
hair cells and ultimately hearing (Manji et al., 2011), the precise function of SynJ2 
remains unclear. It is surprising that SynJ2 is not required for synaptic endocytosis, 
or vesicle replenishment at the ribbon synapse of IHCs. This suggests SynJ2 is 
involved in either non-synaptic endocytosis, or has a novel, as yet unidentified role 
in IHCs, such as the sorting of internalised cargo. Alternatively, SynJ2 may not be 
expressed in IHCs, but may have a role in supporting cells that release neurotrophic 
factors essential for survival of sensory hair cells. 
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Chapter 5 - The effect of Loss of Gap Junction Activity 
in the Cochlea on Synaptic Machinery of IHCs.  
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5.1 Introduction: 
Mutations in connexin 26 (Cx26) and connexin 30 (Cx30), encoded by the genes 
GJB2 and GJB6 respectively, have long been known to cause autosomal non-
syndromic hearing loss in humans (Kelsell et al., 1997; Grifa et al., 1999). Mutations 
in the DFNB1 locus where GJB2 is found account for over 50% of cases of 
nonsyndromic hearing loss in humans (Rabionet et al., 2000; del Castillo and del 
Castillo, 2011).  
Connexins are transmembrane proteins that form the subunits of gap junction 
channels, which directly link the cytoplasm of neighbouring cells, allowing transfer 
of ions and small molecules between them (Maeda and Tsukihara, 2011). Cx26 and 
Cx30 are strongly expressed in the rat cochlea from E17. At this early age, 
supporting cells in the sensory epithelium express both Cx26 and Cx30 while only 
Cx26 is expressed in the lateral wall. Expression for both connexins increases and 
spreads to the stria vascularis, spiral ligament and spiral limbus before the onset of 
hearing, (Lautermann et al., 1998; Lautermann et al., 1999). In the cochlea, Cx26 
and Cx30 are likely to form heteromeric gap junction channels and hemichannels in 
the supporting cells of the organ of Corti, stria vascularis and other areas (Nickel 
and Forge, 2008). Hemichannels have been shown to mediate ATP release by 
supporting cells, while gap junctions allow the transfer of second messengers 
between supporting cells. Both hemichannels and gap junctions are important for 
the propagation of calcium waves in the developing cochlea (Anselmi et al., 2008). 
Early studies using mice carrying genetic mutations that disrupt Cx30 expression 
(Cx30 KO), showed these mice are severely deaf and fail to generate the 
endocochlear potential, essential for providing the driving force for ions to flow 
through the mechano-electrical transducer channel (Teubner et al., 2003). This may 
be due to disruption of the fluid-blood barrier in the stria vascularis (Cohen-Salmon 
et al., 2007). However it was later demonstrated that expression of Cx26 was 
reduced in the cochlea of Cx30 KO mice and almost completely abolished in the 
supporting cells of the outer sulcus (Ortolano et al., 2008). Further to this, mice 
deficient for Cx30, but where 50% of Cx26 expression is maintained, have normal 
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hearing thresholds (Boulay et al., 2013), suggesting Cx30 is dispensable for normal 
hearing. 
The apparent redundancy for Cx30 is hard to reconcile with the fact that humans 
carrying the T5M mutation in Cx30 display a 20-50 dB threshold shift in hearing 
(Grifa et al., 1999), and that “knock-in” mice carrying the T5M mutation show a 15 
dB hearing threshold shift, despite normal endocochlear potential (Schutz et al., 
2010). However, it is possible that the T5M mutation in Cx30 has a dominant-
negative effect on heteromeric gap-junction channels in the cochlea. 
Genetic studies using Cx30 KO mice and a conditional Cx26 knockout strain, where 
expression of Cx26 was abolished after E19 - due to embryonic lethality of earlier 
removal - have revealed differences in the severity of the phenotype caused by 
deletion of the different connexins. In conditional Cx26 knockout animals, OHCs and 
supporting cells begin to degenerate in the cochlea at around P14, with almost total 
hair cell loss by 6 months. Conversely, in the cochlea of Cx30 KO mice, OHCs begin 
to deteriorate at around 1 month old, but some IHCs and supporting cells survive to 
18 months (Sun et al., 2009). It is hard to explain why the conditional Cx26 
knockout causes a more severe phenotype than that shown by the Cx30 KO mouse 
that also has reduced expression of Cx26, but supports the idea that Cx26 is more 
important for the development and/or maintenance of the cochlea than Cx30. 
While the precise requirements of Cx26 and Cx30 expression remain to be shown, it 
is clear that loss of functional connexin gap-junctions and hemichannels leads to 
hearing loss and cochlear degeneration in mice and humans. Studies on the cochlea 
function of mice deficient for connexins have focused on supporting cells and 
generation of the endocochlear potential by the stria vascularis. While the 
expression of connexins is restricted to non-sensory cells, it is possible that the 
reduced gap-junctional activity in the cochlea of Cx30 KO mice has indirect 
consequences on the physiology and function of sensory hair cells. 
I have investigated exocytosis from the presynaptic active zone of IHCs from Cx30 
KO mice, to determine if the loss of gap junction activity in supporting cells of the 
cochlea affects the exocytotic machinery at the auditory ribbon synapse. Cx30 KO 
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mice (Teubner et al., 2003), were received from Professor F. Mammano and 
maintained on a C57Bl/6 background. Apical coil IHCs were studied in the acutely 
isolated organ of Corti from Cx30 control (Cx30+/+ and Cx30+/-) and Cx30 KO (Cx30-
/-) adult mice (P17-P25). Hearing defects have not been detected in Cx30+/- mice 
(Teubner et al., 2003) and recordings of IHCs from Cx30+/- mice were compared to 
those from Cx30+/+ mice before results were pooled. 
5.2 Results: 
5.2.1 Electrical properties of IHCs from control and Cx30 KO mice: 
IHCs from control and Cx30 KO mice were held in the patch-clamp configuration in 
near physiological conditions (1.3 mM Ca2+ at 37˚C), at a potential of -81 mV (Table 
5.1). Some significant differences were observed between IHCs from control and 
DOC2B KO mice, IHCs from control mice had significantly (P < 0.001) smaller holding 
currents at -81 mV (-39.4 ± 6.3 pA, n = 15) than IHCs from Cx30 KO mice (-109.3 ± 
9.3 pA, n = 17). This was coupled with significantly higher membrane resistances 
and lower leak conductance in IHCs from control mice (Rm = 920 ± 71 MΩ; gL = 1.2 
± 0.1 nS) compared to IHCs from Cx30 KO (Rm = 377 ± 22 MΩ; gL = 2.9 ± 0.2 nS) 
mice. However, the series resistance and membrane capacitance was similar 
between IHCs from control (Rs = 5.6 ± 0.3 MΩ; Cm = 10.3 ± 0.3pF) and Cx30 KO (Rs 
= 5.6 ± 0.4 MΩ; Cm = 9.1 ± 0.3 pF) mice.  
These differences in the electrical properties of IHCs from control and Cx30 KO mice 
suggests that in our recording conditions, there is an increased conductance of ions 
through non-gated channels in the membranes of IHCs from Cx30 KO mice 
compared to controls. Further studies will be required to determine if this is the 
case. 
Table 5.1: Electrical properties of Cx30 control and Cx30 KO IHCs in the whole-cell 
patch-clamp configuration. 
Genotype Rs (MΩ) Cm (pF) Ih at -81 mV (pA) Rm (MΩ) gL (nS) n 
control 5.6 ± 0.3 10.3 ± 0.3 -39.4 ± 6.3 920 ± 71 1.2 ± 0.1 15 
KO 5.6 ± 0.4 9.1 ± 0.3 -109.3 ± 9.3 377 ± 22 2.9 ± 0.2 17 
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5.2.2 IHCs from Cx30 KO mice display larger calcium currents and reduced 
exocytotic responses to depolarising voltage steps. 
A series of 50 ms depolarising voltage steps in 10 mV increments was applied to 
IHCs from the apical coil of adult mice (P17 – 25). The peak of the calcium current 
elicited by depolarising the IHC to -11 mV was significantly smaller (P < 0.001, 
Student’s two-tailed T-test) in control IHCs (ICa = -159.9 ± 8.4 pA, n = 15) than IHCs 
from Cx30 KO mice (ICa = -234.1 ± 19.8 pA, n = 7) (Figure 5.1). This suggests that 
more calcium channels were present in the membranes of IHCs from Cx30 KO mice, 
which could be due to either an increase in the surface area of the cell, with normal 
levels of calcium channels expressed, or an increase in the levels of calcium channel 
expression. 
The capacitance of IHCs is directly proportional to the surface area of the cell and is 
measured prior to recordings of calcium currents and changes in membrane 
capacitance. The surface area of the cells from control mice is not significantly 
different from the surface area of IHCs from Cx30 KO mice (Cm = 10.3 ± 0.2 pF, n = 
15 and Cm = 9.7 ± 0.5 pF, n = 7 respectively). However, calculating the current 
density (current ÷ capacitance) revealed that the current density of IHCs from 
control mice was significantly lower than IHCs from Cx30 KO mice (15.5 ± 0.8 pA pF-
1, n=15 and 23.9 ± 1.2 pA pF-1, n = 7 respectively; P < 0.001, Student’s two-tailed T-
test). This strongly suggests there are lower levels of calcium channels expressed in 
the plasma membrane of IHCs from control mice compared to those from Cx30 KO 
mice. 
Conversely, IHCs from control mice show significantly larger (P < 0.001, Student’s 
two-tailed T-test) changes in membrane capacitance (ΔCm = 23.79 ± 2.02 fF, n = 15) 
compared to IHCs from Cx30 KO mice (ΔCm = 8.00 ± 2.66 fF, n = 5) (Figure 5.1), 
demonstrating that more vesicles fuse with the plasma membrane of control IHCs 
during the voltage step. This suggests that despite the larger influx of calcium 
during depolarising voltage steps, IHCs from Cx30 KO mice have a severely reduced 
exocytotic capacity.  
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Figure 5.1: Calcium currents and changes in membrane capacitance of IHCs from 
control and Cx30 KO mice in response to voltage steps. 
A) Example of the step protocol applied to IHCs. A sinusoidal stimulus (37 mV 
peak to peak at 4 kHz) was applied to cells at a holding potential of -81 mV, 
which was interrupted for 50ms voltage steps in 10 mV increments (-11 mV 
in the example).  
B) Example of the inward calcium current (top) and corresponding change in 
membrane capacitance (bottom) of an IHC from a control (black) and a Cx30 
KO (grey) mouse in response to a 50 ms depolarising voltage step (to -11 
mV). Each recording displayed is the average trace from two recordings of 
an individual cell. 
C) Average peak of the calcium current elicited by applying 50ms voltage steps, 
in 10 mV increments, to IHCs from control (black, n=15) and Cx30 KO (grey, 
n = 7) mice (P17-P25). 
D) Average change in membrane capacitance of IHCs from control (black, n = 
15) and Cx30 KO (grey, n = 7) mice (P17-P25) in response to 50 ms voltage 
steps in 10 mV increments. 
IHCs from Cx30 control mice show a significantly smaller amplitude peak calcium 
current than controls (P < 0.001) and a significantly larger exocytotic response (P < 
0.001) when depolarised to -11 mV.  
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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5.2.3 Kinetics of vesicle fusion in IHCs from Cx30 KO mice 
To further investigate the extent of the reduced exocytotic response of IHCs from 
Cx30 KO mice, I tested their ability to recruit and release vesicles from the different 
pools (RRP and SRP). Depolarising voltage steps to -11 mV were applied to IHCs 
with increasing durations, 2 – 3000 ms. Results were separated into shorter steps (2 
– 100 ms), which elicited fusion of vesicles mainly from the RRP, and longer steps 
(0.1 – 3 s), which recruited vesicles from the SRP for release.  
The exocytotic response of IHCs from control mice to short (2 – 100 ms) 
depolarising steps was significantly larger (P < 0.001, two-way ANOVA) than the 
exocytotic response of IHCs from Cx30 KO mice (Figure 5.2). A Bonferroni post-test 
was used to test which responses were significantly different and revealed that the 
responses to 50 ms and 100 ms voltage steps were significantly different (P < 0.01 
and P < 0.001, respectively) between IHCs from control and Cx30 KO mice. This 
supports the previous experiments and demonstrates that IHCs from control mice 
have a significantly larger RRP of synaptic vesicles than IHCs from Cx30 KO mice. 
In response to longer depolarising voltage steps (100 ms – 3 s), IHCs from control 
mice displayed significantly larger (P < 0.01, Two-way ANOVA) changes in 
membrane capacitance than IHCs from Cx30 KO mice. However, a Bonferroni post-
test did not reveal any significant differences between the responses of IHCs from 
control and Cx30 KO mice to individual step durations. This shows that the IHCs 
from Cx30 KO mice display large exocytotic responses to long depolarising voltage 
steps, suggesting that they contain large numbers of synaptic vesicles, but require a 
prolonged influx of calcium to recruit vesicles for release. 
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Figure 5.2: Kinetics of exocytosis in IHCs from Cx30 KO mice. 
A) Average change in membrane capacitance of IHCs from control (black, n = 
12) and Cx30 KO (grey, n = 14) mice (P17-P25) in response to short (2 – 100 
ms) depolarising voltage steps to -11 mV from a holding potential of -81 mV.  
B) Average change in membrane capacitance of IHCs from control (black, n=10) 
and Cx30 KO (grey, n = 9) mice (P17-P25) in response to long (0.1 - 3 s) 
depolarising voltage steps to -11 mV from a holding potential of -81 mV 
Two-way ANOVA was carried out and revealed there is a significant difference 
between the responses of IHCs from control and Cx30 KO mice to short depolarising 
steps (P < 0.001) and long depolarising steps (P < 0.005) 
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5.3 Discussion: 
The expression and function of Cx26 and Cx30 in the cochlea has been studied 
extensively (Lautermann et al., 1998; Teubner et al., 2003; Cohen-Salmon et al., 
2007) due the non-syndromic hearing loss observed in humans carrying genetic 
mutations in the genes that encode connexin 26 and 30 (Kelsell et al., 1997; Grifa et 
al., 1999). As connexins are expressed in non-sensory cells in the cochlea 
(Lautermann et al., 1998), studies have focused on their roles in the stria vascularis 
and supporting cells of the sensory epithelium, where they have important roles in 
maintaining the endocochlear potential and mediating intercellular calcium and 
ATP signalling respectively (Teubner et al., 2003; Cohen-Salmon et al., 2007; Piazza 
et al., 2007; Anselmi et al., 2008). 
As connexin 26 and 30 are not expressed in mammalian IHCs, it is not obvious why 
deletion of Cx30 and downregulation of Cx26 expression in the supporting cells of 
Cx30 KO mice leads to larger calcium currents and reduces the exocytotic response 
of IHCs to depolarising voltage steps. ATP release from connexin hemichannels has 
been shown to regulate spontaneous developmental activity of IHCs and SGNs prior 
to the onset of hearing (Tritsch and Bergles, 2010). This “spontaneous” activity has 
been shown to be important for maturation of the presynaptic machinery at IHC 
ribbon synapses, particularly during the second postnatal week (Johnson et al., 
2013b). 
Normally, the expression of calcium channels decreases during the second 
postnatal week, prior to the onset of hearing (Johnson et al., 2005). This has been 
linked with maturation of the synaptic machinery and restriction of calcium 
channels to presynaptic active zones (Zampini et al., 2010; Wong et al., 2014). If 
calcium channel refinement is affected in IHCs from Cx30 KO mice, extrasynaptic 
calcium channels may persist beyond the normal onset of hearing.  
The reduced availability of vesicles for release from the RRP, suggests that the 
mechanisms for recruiting and/or docking vesicles at the presynaptic active zone 
are disrupted by the loss of gap-junction activity in the cochlea of Cx30 KO mice. 
This is supported by further work from the lab of Professor Fabio Mammano, which 
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has revealed a reduction in the number of synaptic vesicles tethered to the synaptic 
ribbons in IHCs from Cx30 KO mice (unpublished). This could be due to a reduction 
in the expression of key presynaptic molecules, such as vesicle tethers, or priming 
factors in IHCs from Cx30 KO mice. The expression of these molecules could be 
linked to maturation of the synaptic machinery during the second postnatal week. 
Further work will be needed to determine if the reduced presynaptic function in 
IHCs from Cx30 KO mice is due to aberrations in spontaneous activity in the 
developing cochlea, or other mechanisms, such as the loss of endocochlear 
potential. However it is clear that the exocytotic machinery at the auditory ribbon 
synapse is severely affected by reduced connexin expression in the cochlea and 
may be the primary cause of hearing loss in Cx30 KO mice.   
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Chapter 6 - The Transcriptional Co-activator Wbp2 
may Regulate Expression of Key Synaptic Molecules at 
Auditory Ribbon Synapses. 
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6.1 Introduction: 
Due to the complex structure of the organ of Corti, identifying molecules as specific 
regulators of synaptic function at auditory ribbon synapses is difficult. This is 
compounded by the apparent absence of a number of the conventional synaptic 
molecules that could be used for pull down assays to identify binding partners that 
form the fusion complex. One solution to this is to knockout specific genes of 
interest in mice, preventing the expression of molecules with unknown roles, then 
carry out phenotypic studies to determine the effect of each gene deletion. This 
approach is being pioneered by the mouse genetics project at the Wellcome Trust 
Sanger Institute. 
The Sanger Institute mouse genetics project aims to identify novel regulators of 
many systems, including the auditory system, by applying high-throughput 
screening techniques to novel mouse mutants (White et al., 2013). One strain of 
mice generated by this project is the Wbp2 mutant (Wbp2tm2a(EUCOMM)Wtsi), which 
lacks expression of the WW-domain binding protein 2 (Wbp2).  
Wbp2 deletion in mice leads to hearing loss. 
Measurements of ABRs are part of the phenotypic screening program used on mice 
generated by the Sanger Institute mouse genetics project and revealed that Wbp2 
mutant (Wbp2 KO) mice had high frequency hearing loss. Further studies to 
determine the severity of the phenotype revealed that Wbp2 KO mice had normal 
hearing thresholds at P14, immediately after the onset of hearing, but began to lose 
high frequency hearing around 4 weeks, progressing to mid-frequency hearing loss 
by 44 weeks (Buniello et al., Under Revision). The cochlea of Wbp2 KO mice has no 
obvious gross morphological defects. However preliminary experiments have 
revealed abnormalities at the ribbon synapses of IHCs, including mislocalised 
synaptic ribbons, i.e. ribbons are not restricted to the basolateral portion of IHCs in 
Wbp2 KO, and swollen afferent boutons of type I SGNs. 
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Wbp2, a transcriptional co-activator. 
WW domain binding proteins 1 and 2 (Wbp1 and Wbp2) were discovered by 
screening mouse embryos for ligands of the WW domain of yes-kinase associated 
protein (YAP). Wbp1 and 2 show little homology, except in their proline-rich WW 
binding domain (Chen et al., 1997). Wbp2 has been shown to mediate interactions 
between YAP and progesterone receptors, enhancing ligand dependent 
transcriptional activity of both oestrogen and progesterone receptors (Dhananjayan 
et al., 2006), suggesting it could have a role in regulating the transcription of target 
genes in signalling pathways, possibly as a co-activator. 
Wbp2 has been shown to interact with Yorkie, the drosophila homologue of YAP, 
and enhance the transcriptional co-activator pathways of Yorkie (Zhang et al., 
2011b). Yorkie is a downstream target of the Salvador-warts hippo (SWH) tumour 
suppressor pathway, implicated in regenerative tissue growth in drosophila. The 
SWH pathway suppresses activity of Yorkie to limit tissue growth (Grusche et al., 
2011). These studies indirectly implicate Wbp2 in tissue growth that is normally 
supressed by the SWH tumour suppressor. Currently, the role of Wbp2 in normal 
tissue growth and development is unknown.  
Investigating presynaptic function at the auditory ribbon synapse of Wbp2 
KO mice. 
The likely function of Wbp2 as a transcriptional coactivator suggests it has a role in 
regulating transcription of certain genes within the cochlea, possibly as part of a 
receptor mediated transcription pathway. The normal hearing thresholds of P14 
Wbp2 KO mice shows it is not required for normal development of the cochlea, or 
ribbon synapses, but is likely to have a role in maintenance of the synapse after the 
onset of hearing. It is unclear if the synaptic defects observed in Wbp2 KO mice are 
due to a loss of the function of Wbp2 within IHCs, or type I SGNs. For example, 
mislocalised synaptic ribbons within the IHC may lead to defective coupling and 
signalling to type I SGNs, leading to the swelling of afferent terminals. On the other 
hand, it is possible that excessive outgrowth of type I SGNs in the absence of Wbp2 
leads to afferent terminal swelling, which form mislocalised contacts with IHCs, 
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attracting functional presynaptic ribbons to active zones outside of the basolateral 
zone of IHCs. 
To determine if Wbp2 deletion has an effect on the function of the presynaptic 
active zone of ribbon synapses, measurements of calcium currents and changes in 
membrane capacitance have been carried out on IHCs from Wbp2 KO mice. The 
Wbp2 KO strain of mice was kindly provided by our collaborator, Professor Karen 
Steel and maintained on a C57BL/6 background. IHCs from the basal coil of the 
organ of Corti from control (Wbp2+/+ and Wbp2+/-) and Wbp2 KO (Wbp2-/-) adult 
(P19-P33) mice were studied. Due to difficulties associated with maintaining 
cochlea preparations in older mice, it was not possible to assess the presynaptic 
function of IHCs from mice after the loss of hearing function. No defects were 
observed in the cochlea of Wbp2+/- mice (Buniello et al., Under Revision) and 
recordings of IHCs from Wbp2+/- mice were compared to those from Wbp2+/+ 
mice before pooling control data. 
6.2 Results: 
6.2.1 Electrical properties of IHCs from control and Wbp2 KO mice: 
IHCs from control and Wbp2 KO mice were held in the patch-clamp configuration in 
near physiological conditions (1.3 mM Ca2+ at 37˚C), at a potential of -81 mV. No 
significant differences were observed between any of the electrical properties of 
IHCs from control mice compared to those from Wbp2 KO mice. 
 
Table 6.1: Electrical properties of IHCs from control and Wbp2 KO mice. 
Genotype Rs (MΩ) Cm (pF) Ih (pA) Rm (MΩ) gL (nS) n 
control 6.0 ± 0.3 7.2 ± 0.1 -10.7 ± 1.6 1786 ± 117 0.6 ± 0.0 12 
KO 5.8 ± 0.2 6.7 ± 0.2  -12.5 ± 3.8 1633 ± 107 0.7 ± 0.1 13 
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6.2.2: Calcium currents and exocytosis from the ribbon synapse of Wbp2 KO mice. 
To elicit calcium influx to trigger vesicle fusion, 50 ms voltage steps to different 
potentials were applied to basal coil IHCs from adult (P19 – 33) mice in 10 mV 
increments from a holding potential of -81 mV. As described previously, the peak of 
the current responses to voltage steps was measured and compared between IHCs 
from control and Wbp2 KO mice. No significant differences were observed in the 
maximal amplitude of the calcium current in IHCs from control (-142.2 ± 8.6 pA, n = 
7) and Wbp2 KO (-159.2 ± 10.1 pA, n = 8) mice, elicited by a depolarising step to -11 
mV (Figure 6.1). The shape of the IV curve generated in response to the different 
voltage steps was also similar between IHCs from control and Wbp2 KO mice. This 
suggests IHCs from Wbp2 KO mice express normal numbers of calcium channels in 
their plasma membrane. The corresponding maximal change in membrane 
capacitance triggered by the influx of calcium during the voltage step to -11 mV was 
also similar between IHCs from control (19.0 ± 1.5 fF, n = 7) and Wbp2 KO (18.1 ± 
2.0 fF, n = 8) mice (Figure 6.1).  These results suggest that exocytosis from the 
ribbon synapses of adult basal coil IHCs is normal in the absence of Wbp2, including 
functional synaptic machinery and normal expression of calcium channels at the 
ribbon synapses. 
6.2.3: Vesicle release from the RRP and SRP at the IHC ribbon synapse. 
In order to investigate whether the mislocalisation of some of the ribbon synapses 
of IHCs in Wbp2 KO mice affected the availability of vesicles for release, I 
investigated the kinetics of exocytosis from the ribbon synapses of IHCs from Wbp2 
KO mice. For these experiments, IHCs were held at -81 mV and depolarised to -11 
mV for increasing durations between 2 ms and 3 s. Changes in membrane 
capacitance in response to short (2 – 100 ms: revealing the RRP) and long (100 ms 
to 3s: revealing the SRP) depolarising steps were found to be similar between IHCs 
from control and Wbp2 KO mice (Figure 6.2). This suggests that ribbon synapses of 
IHCs from Wbp2 KO mice have normal numbers of synaptic vesicles in both the RRP 
and SRP. This indicates that expression and function of the presynaptic machinery 
for recruitment, priming and release does not require Wbp2. 
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Figure 6.1: Calcium currents and changes in membrane capacitance of IHCs from 
control and Wbp2 KO mice in response to voltage steps. 
A) Example of the voltage protocol applied to IHCs. A sinusoidal stimulus (37 
mV peak to peak at 4 kHz) was applied to cells at a holding potential of -81 
mV, which was interrupted for 50ms voltage steps in 10 mV increments (-11 
mV in the example).  
B) Example of the inward calcium current (top) and corresponding change in 
membrane capacitance (bottom) of an IHC from a control (black) and a 
Wbp2 KO (grey) mouse in response to a 50 ms depolarising voltage step (to -
11 mV). Each recording displayed is the average trace produced from two 
recordings from an individual cell. 
C) Average peak of the calcium current elicited by applying 50ms voltage steps, 
in 10 mV increments, to IHCs from control (black, n=7) and Wbp2 KO (grey, 
n=8) mice (P19 – P33). 
D) Average change in membrane capacitance from IHCs of control (black, n = 7) 
and Wbp2 KO (grey, n = 8) mice (P19 – 33) in response to 50 ms voltage 
steps in 10 mV increments. 
No significant differences were observed between control and Wbp2 KO mutant in 
either the amplitude of the calcium current or the change in membrane 
capacitance. 
N.B The command voltage for each voltage step was corrected for the voltage drop 
across the series resistance, and each point has a voltage ± SEM, however the error 
bars are too small to be seen. 
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Figure 6.2: Kinetics of exocytosis in IHCs from Wbp2 KO mice.  
A) Average change in membrane capacitance of IHCs from control (black, n = 
10) and Wbp2 KO (grey, n = 10) mice (P19 – P33) in response to short (2 – 
100 ms) depolarising voltage steps to -11 mV from a holding potential of -81 
mV.  
B) Average change in membrane capacitance of IHCs from control (black, n = 8) 
and Wbp2 KO (grey, n = 8) mice (P19 – P33) in response to long (0.1 – 3 s) 
depolarising voltage steps to -11 mV from a holding potential of -81 mV.  
No significant differences were observed between the responses of IHCs from 
control and Wbp2 KO mice to either short, or long depolarising voltage steps. The 
RRP and SRP respectively for IHCs from control mice is approximately 10.6 ± 1.5 fF 
and 269.3 ± 52.5 fF compared to 11.7 ± 1.1 fF and 263.6 ± 25.0 fF for IHCs from 
Wbp2 KO mice.  
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6.3 Discussion: 
Wbp2 is a transcriptional co-activator with a novel role in expression of 
postsynaptic proteins. 
The transcriptional co-activator Wbp2 acts in signalling pathways that regulate 
tissue growth (Zhang et al., 2011a), including the oestrogen receptor mediated 
transcription pathways (Dhananjayan et al., 2006). Little is known about the 
expression of Wbp2 and its role during normal development. The hearing loss 
observed in mice lacking Wbp2 and subsequent discovery of a Chinese child with 
profound hearing loss carrying mutations in both copies of the Wbp2 gene (Buniello 
et al., Under Revision) made Wbp2 an exciting candidate for a novel regulator of 
transcriptional pathways in the auditory system. The lack of any obvious gross 
morphological defects in the cochlea of Wbp2 KO mice and the normal hearing 
thresholds immediately after the onset of hearing suggests that the auditory 
system develops normally in the absence of Wbp2. However from 4 weeks, swelling 
of the postsynaptic terminals of type I SGNs and mislocalisation of synaptic ribbons 
can be observed throughout the cochlea of Wbp2 KO mice (Buniello et al., Under 
Revision). This suggests Wbp2 has a role in regulating the transcription of synaptic 
proteins, possibly after the onset of hearing; either in presynaptic IHCs, or 
postsynaptic SGNs. 
We have provided evidence that shows Wbp2 is unlikely to be involved in the 
transcription of molecules essential for presynaptic function in IHCs. This suggests 
that Wbp2 is involved in transcription of molecules essential for formation, or 
maintenance of the afferent boutons of type I SGNs. Further work from the lab of 
Professor Karen Steel has revealed that the receptors for oestrogen and 
progesterone are down-regulated in the cochlea of 4-week old Wbp2 KO mice 
(Buniello et al., Under Revision). Oestrogen receptors are known to be expressed at 
the postsynaptic densities of glutamatergic synapses in the hippocampus (Adams 
and Morrison, 2003), where their activation has been shown to increase expression 
of key postsynaptic proteins; notably glutamate receptor subunits and the 
postsynaptic scaffold protein PSD-95 (Liu et al., 2008). Surprisingly, despite 
127 
 
decreased expression of oestrogen and progesterone receptors, expression of PSD-
95 was significantly increased in the cochlea of Wbp2 KO mice (Buniello et al., 
Under Revision). 
This suggests that the loss of Wbp2 leads to changes in the oestrogen and/or 
progesterone receptor mediated transcription in type I SGNs, including increased 
expression of PSD-95. Ultimately this leads to the excessive outgrowth (and 
swelling) of the afferent nerve terminals of type I SGNs and mislocalisation of the 
contacts they form with IHCs. The contacts of SGNs that lie outside of the 
basolateral region of the IHC may then “attract” presynaptic ribbons and synaptic 
machinery, leading to mislocalised, but functional presynaptic ribbons and active 
zones in the IHCs of Wbp2 KO mice.  
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Chapter 7 – Discussion. 
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7.1 Summary: 
In this thesis, I have presented the results of electrophysiological investigations into 
the presynaptic function at the auditory ribbon synapse. I have attempted to 
identify novel molecular regulators of the synaptic machinery by recording the 
calcium currents and changes in membrane capacitance of IHCs from mice lacking a 
molecule of interest. 
First, I have shown that deletion of the calcium sensor DOC2B has no discernible 
effect on exocytosis from IHCs, suggesting that unlike in neurons and secretory cells 
DOC2B has no role in fast, synchronous exocytosis in IHCs. These findings have 
demonstrated that this apparently ubiquitously expressed calcium sensor (Kojima 
et al., 1996) is not a regulator of vesicle fusion, priming or replenishment at 
auditory ribbon synapses. 
I have also demonstrated that despite hearing loss and hair cell death in the cochlea 
of mice lacking the inositol-5’-phosphatase activity of SynJ2 (Manji et al., 2011), 
deletion of SynJ2 has no discernible effect on the physiology of mature hair cells in 
the high frequency region of the cochlea. SynJ2 is reported to regulate the 
formation of clathrin coated pits (Rusk et al., 2003), however internalisation of 
vesicle membranes and vesicle recycling appear normal in IHCs from SynJ2 KO mice. 
This suggests that SynJ2 may have a previously unidentified role in IHCs, possibly 
regulating the sorting of internalised cargo, or non-synaptic endocytosis. It is also 
possible that SynJ2 is expressed in non-sensory supporting cells in the cochlea. Loss 
of SynJ2 activity may affect the release of neurotrophic factors from supporting 
cells such as phalangeal cells and Deiters cells, which are essential for sensory hair 
cell survival (Sobkowicz et al., 2002). 
In the cochlea of mice lacking Cx30 and with diminished expression of Cx26, IHCs 
have a larger calcium current and decreased exocytotic response to short 
depolarising steps, suggesting that the RRP of synaptic vesicles is reduced, despite 
normal numbers of vesicles present in the SRP. This demonstrates that loss of 
connexins prevents efficient function of the presynaptic machinery at the auditory 
ribbon synapse. These results suggest that connexin-based activity in the 
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supporting cells (Piazza et al., 2007) regulates development of presynaptic 
machinery in IHCs, revealing an indirect consequence of loss of connexins in the 
cochlea. 
Finally, I have shown that Wbp2 deletion has no effect on exocytosis from the 
ribbon synapses of IHCs, despite the mislocalisation of synaptic ribbons and 
observed swelling of afferent terminals, demonstrating that Wbp2 is unlikely to be 
involved in regulation of transcription within IHCs. This led to further investigations 
that revealed the increased expression of postsynaptic proteins in the cochlea of 
Wbp2 KO mice and the decreased expression of the oestrogen and progesterone 
hormone receptors. Therefore, hormone receptor signalling mediated by Wbp2 
appears to regulate transcriptional activity within type I SGNs and is important for 
the maintenance of adult ribbon synapses.  
7.2 Future work: 
The studies presented in this thesis have provided important insights into the 
regulation of ribbon synaptic function. However a number of questions regarding 
the role of these molecules remain, as well as questions regarding the general 
function of auditory ribbon synapses. 
A novel role for SynJ2 in auditory hair cells. 
Currently it is unclear why the loss of the phosphatase activity of SynJ2 leads to hair 
cell death and hearing loss (Manji et al., 2011). Using immunohistochemistry to 
determine the precise location of SynJ2 within the cochlea may provide more 
insight into its role. However suitable quality antibodies for SynJ2 have yet to be 
developed. Transmission electron microscopy (TEM) could also be used to 
investigate the ultrastructure of the cochlea in SynJ2 KO mice. If SynJ2 is 
responsible for sorting of synaptic components, similar to the role of SynJ1 in the 
retina (George et al., 2014), then TEM may reveal aberrations in these structures 
within IHCs from SynJ2 KO mice. While we would expect such aberrations to affect 
the recordings of membrane capacitance changes (Figure 4.5), it is possible that 
they affect cellular compartments not involved in the supply of synaptic vesicles. A 
131 
 
series of electron micrographs of the cochlea, taken at different ages would also 
reveal the progression of hair cell degeneration.  
Alternatively, if SynJ2 is expressed in non-sensory cells, it may regulate CME in 
these cells. TEM studies may also help to determine if SynJ2 deletion leads to 
defects in CME in supporting cells, such as phalangeal cells, or Deiters cells. 
Connexins in development of the cochlea. 
As connexin gap junctions and hemichannels appear to have a role in calcium and 
ATP signalling within the prehearing cochlea, it seems likely that the loss of 
presynaptic function observed in IHCs (Figure 5.1) is due to abnormal development 
of the presynaptic machinery. This could be due to inefficient propagation of 
calcium waves in the developing cochlea (Piazza et al., 2007), which may regulate 
sensory independent activity of IHCs (Tritsch and Bergles, 2010). The dysregulation 
of sensory independent activity of IHCs in the cochlea, particularly during the 
critical period for synaptic development (second postnatal week) (Johnson et al., 
2013b) may prevent expression, or maturation of the synaptic machinery in IHCs 
from Cx30 KO mice. It would be interesting to ascertain if the expression of calcium 
channels and synaptic machinery is normal in developing IHCs from Cx30 KO mice; 
this could be established by measuring calcium currents and membrane 
capacitance changes before the “critical period” of synaptic maturation 
(approximately P5).  
Another question raised from this study is, if the SRP contains normal numbers of 
synaptic vesicles, why is the RRP so greatly diminished? Could this be due to a 
failure in vesicle tethering at the ribbons; or a failure to replenish the RRP? The 
vesicles are likely to be tethered by cytomatrix protein piccolo, possibly via 
interactions with bassoon, CtBP1, or Ribeye (Uthaiah and Hudspeth, 2010; 
Kantardzhieva et al., 2012). Using western blotting, or qPCR to analyse the 
expression levels of these cytomatrix proteins in the cochlea of Cx30 KO mice may 
determine if they are required for vesicle tethering at auditory ribbon synapses and 
if their expression is required for maturation of the synaptic machinery. 
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Another molecule suggested to have a role in vesicle pool replenishment is otoferlin 
(Pangrsic et al., 2010); it is possible that one of the consequences of the 
developmental failure of IHCs is a failure to develop efficient otoferlin dependent 
mechanisms for the replenishment of synaptic vesicles. Looking at otoferlin 
expression and localisation within IHCs from Cx30 KO mice may provide some 
insight into why the RRP is so diminished. 
The sensitivity of high-frequency hair cells to hearing loss. 
Two of the chapters in this study have focused on mice that show progressive 
hearing loss after deletion of a specific molecule; SynJ2 and Wbp2. In both cases, 
high frequency hearing (>36 kHz) deteriorates by 4 weeks, before progressive loss 
of lower frequency hearing. In the case of Wbp2 KO mice, swelling of afferent 
terminals is observed in both high and low frequency regions of the cochlea of 4 
week old mice, while auditory thresholds at low frequencies (6-12 kHz) are normal 
until at least 44 weeks (Buniello et al., Under Revision). High-frequency hearing in 
humans is also particularly sensitive to noise-induced and age-related hearing loss 
(Gratton and Vazquez, 2003). Determining why high-frequency hearing is so much 
more sensitive to damage may help clinicians protect vulnerable individuals from 
hearing loss and potentially pave the way for future treatments.  
Sensory hair cells in different frequency regions of the cochlea have been shown to 
display some physiological differences, such as the calcium-dependency of 
exocytosis (Johnson et al., 2008) and the number of ribbon synapses (Meyer et al., 
2009). It is possible that these physiological differences make hair cells in the high 
frequency region more sensitive to stresses and ageing. These differences could be 
characterised using electrophysiology, which may reveal differences in the number, 
or regulation of ion channels. Alternatively, using qPCR to analyse gene expression 
in IHCs isolated from the different regions of the cochlea with laser capture 
microdissection (EmmertBuck et al., 1996), may reveal differences in the molecules 
expressed in IHCs from different regions of the cochlea. Determining why high-
frequency hair cells are more sensitive to damage may help clinicians protect these 
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cells in individuals vulnerable to hearing loss and potentially pave the way for 
future treatments.  
The synaptic ribbon. 
One of the most obvious, yet most controversial questions regarding the ribbon 
synapse is the function of the ribbon itself. Early researchers proposed that the 
ribbon acted as a conveyor belt, driving vesicles towards the presynaptic active 
zone to rapidly replenish the RRP (Parsons and Sterling, 2003). IHCs with a loss of 
anchored ribbons show a marked reduction in the calcium current and exocytotic 
response to short (<50 ms) stimuli. However these IHCs display a normal exocytotic 
response to longer (50 ms) stimuli (Khimich et al., 2005). The authors use this 
evidence to suggest that the ribbon is important for fast, synchronous release of 
synaptic vesicles. However the mutated protein, bassoon, is a cytomatrix protein 
thought to be important for organisation of presynaptic active zones and later 
work, has suggested that it is the bassoon mutation, not the loss of ribbons that 
leads to the reduced exocytotic response from IHCs (Jing et al., 2013). Modelling of 
hair cell ribbon synapses has suggested that the ribbon increases the number of 
vesicles available for release, improving efficiency of postsynaptic spike generation 
by reducing spike latency during sustained stimuli (Wittig and Parsons, 2008). 
Similar modelling studies of ribbon synapses in rod bipolar cells of the retina have 
suggested that passive diffusion of tethered vesicles can account for maintaining an 
efficient supply of synaptic vesicles to release sites (Graydon et al., 2014). 
Determining the role of presynaptic ribbons in both the auditory and visual systems 
is crucial to understanding the physiological functions of ribbon synapses. 
Identifying the full molecular profile of ribbon synapses may help to determine if 
the ribbons act passively as tethering sites for synaptic vesicles, or if they actively 
drive vesicles towards the presynaptic active zones. Knocking out candidate 
molecules for the different elements of the synaptic machinery can provide insight 
into the function of these molecules. However it can be difficult to determine if the 
effect seen is due to the loss of the specific molecule, or regulation of a 
downstream process; for example Rab3-interacting molecules (RIMs) have been 
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suggested to be vesicle tethers at photoreceptor ribbon synapses (Dieck et al., 
2005), but have recently been shown to regulate calcium channel clustering and 
tethering by other molecules at the auditory ribbon synapse (Jung et al., 2015). An 
alternative technique for identifying synaptic molecules is isolating the synapses of 
interest by centrifugation of homogenised tissue samples using centrifugation, and 
then identifying the molecules found in the synaptic fraction, e.g. by western 
blotting. This technique was carried out on lysates of cochleae from chickens 
(Uthaiah and Hudspeth, 2010) and identified a number of synaptic molecules likely 
to be expressed at auditory ribbon synapses. However, some of the molecules 
identified in the synaptic fraction – notably SNARE proteins – have since been 
shown to be dispensable for presynaptic function in IHCs (Nouvian et al., 2011). This 
suggests that either SNARE proteins are expressed, but not required at auditory 
ribbon synapses, or that SNARE proteins from non-ribbon presynaptic active zones 
were identified, e.g. from the presynaptic terminals of olivocochlear efferents 
(Simmons et al., 1996). 
Auditory thresholds for ribbon synapses. 
Another interesting question regarding auditory ribbon synapses is how the 
differences in threshold and spontaneous rate of different SGNs are established? 
Are they due to intrinsic differences between the SGNs? Or differences in the 
ribbon synapses they receive input from? There is evidence for morphological 
differences both pre and post-synaptically, from the sizes of ribbons and 
postsynaptic AMPA receptor patches (Liberman et al., 2011) to differences in the 
diameter of SGNs (Liberman, 1980). However the impact of these differences on 
sound encoding by hair cells and SGNs is unclear. A simple model for sound 
encoding could be that as each hair cell responds to a characteristic frequency, 
each ribbon synapse within an IHC responds to a given threshold; i.e. low intensity 
sound stimulus only partially depolarises the IHC, which only triggers vesicle fusion 
at ribbon synapses on the pillar side of the IHC, leading to changes in the spike rate 
of large diameter, high-spontaneous rate fibres that form synapses here. While 
simple, this model relies on a single IHC being able to release neurotransmitters 
from different synapses depending on the level of the stimulus intensity the IHC 
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receives. To test for differences in neurotransmitter release from the different 
ribbon synapses, electrophysiological recordings from the postsynaptic boutons of 
afferent fibres, combined with recordings from the presynaptic IHC may reveal 
differences in the synaptic output of the different ribbon synapses. By depolarising 
IHCs to different levels, reflecting differences in the intensity of an auditory signal, it 
may be possible to determine if the different active zones within an IHC have 
different thresholds for neurotransmitter release. 
7.3 Conclusions: 
I have investigated a number of molecules as possible novel regulators of the 
auditory ribbon synapse in the mammalian cochlea. I have shown that the 
ubiquitous DOC2B is not required for fast, synchronous exocytosis at the auditory 
ribbon synapse. I have also provided evidence demonstrating that SynJ2 is not 
required for CME, or vesicle recycling at the auditory ribbon synapse. Investigations 
of exocytosis at the auditory ribbon synapses of IHCs from mice with reduced 
expression of connexins 30 and 26 in the cochlea have revealed dramatic 
consequences of a loss of gap-junctional activity on presynaptic function at the 
auditory ribbon synapse. Finally I have shown that Wbp2 deletion does not impair 
the presynaptic function of IHCs, showing it is not required for transcription of 
molecules essential for presynaptic function. This study has demonstrated the 
difficulties involved in advancing our understanding of this complex and unique 
synapse. Discovering the molecules that regulate vesicle priming, fusion, reuptake 
and recycling will vastly improve our understanding of how these synapses maintain 
the fidelity of auditory stimuli over long periods of stimulation. 
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